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FOREWORD
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ABSTRACT

SThis report includes data on the nature of passivation of metal surfaces
with fluorine and fluorine compounds, the composition -, passive films
formed, and the deleterious effect of atmospheric mcisture on passive sur-

* faces. Fluorination reactions reach completion on stainless steel, nickel

and aluminum alloy surfaces very rapidly. The surface films formed range

apparent film thickness on copper and Monel surfaces continues to increase
slowly over an extended period of time. Exposure of passive films to a
humid atmosphere produces hydrated metal fluorides which cause secondary
fluorination reactions upon reexposure of the surfaces to fluorine. The pas-
sive films formed by exposure to chlorine trifluoride and chlorine penta-
fluoride were comparable in thickness to the films formed by fluorine gas.
contained metal chloride species, and were less resistant to humid air
attack. Fluorine gas appears to be the most effective agent for passivation
of metals. Adequate passive films are formed at all pressures within 0. 1
to 1. 4 atmosphere for a period of 15 to 30 minutes. Stepwise increase in
concentration is unnecessary for passivation Of ofc-s. and slight deforma-
tion of metal surfaces does not destroy the passive films.
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SECTION I

INTRODUCTION

A propellant system is usually thoroughly passivated before it is used
with fluorine containing oxidizers. The passivation procedures employed in
general involve lengthy (Z to 4 hours) fluorination of metal surfaces by pass-
ing a gas, such as fluorine or chlorine trifluoride at low concentrations, over
the metal until the heat of reaction subsides. The resultant passivation is
not permanent. Each time a passivated system is exposed to the atmosphere,
mechanical shock or flexing, or is cleaned, it ia repassivated.

There is no definitive knowledge concerning the nature of passivation.
The procedures used are developed by rule-of-thumb. It is generally known
that when a system is suddenly exposed to high concentrations of fluorine,
portio'ns of the system may ignite; And that pre-exposure to low concentra-
tions of fluorine develops thin passive fluoride films on the metal surface
and renders this ignition much less likely.

The major objectives of the present program are to obtain information
on the nature c,, passivation of metal surfaces by fluorine-containing oxi-
dizers, the conditions of destruction of passive surfaces, and to improve the
present passivation procedures by utilization of the information developed.
The oxidizers considered include fluorine (F 2 ), chlorine trifluoride (ClF3 ),
chlorine pentafluoride (CIF 5 ) and bromine pentafluoride (BrF5). The metal
surfaces include technically important alloys used at cryogenic temperatures
for tankage and pluln-bing hardware in present propellant systems: namely,
stainless steels, aluminum alloys, copper and nickel alloys. These ob-
jectives constitute a part of the technological goals of the Air Force Rocket
Propulsion Laboratory fo-r developing the technology of fluorine oxidizers to the
point where these oxidizers can be effectively, efficiently and safely used in
rocket propulsion systems.

Preceding Page Blank



SECTION II

SURVEY OF PREVIOUS WORK
I

1. GENERAL CHARACTERISTICS OF GAS-SOLID REACTIONS

All metals react when exposed to gaseous fluorine at room temperature. ¶
The reaction usually results in formation of a metal fluoride film on the metal
surface. The rate of reaction is largely determined by the extent to which
films formed are protective.

The majority of investigations of the manner and rate of growth of pro-
tective films on metals have dealt with protective oxide coatings. A great
deal of theory and empirical observations have been accumulated over the
years for various oxygen-metal systems. Most of this information is appli-
cable to fluorine gas-metal interactions and is briefly reviewed.

In general, the crystal structure of a surface layer tends to conform to
the structure of the underlying metal. If the volume ratio of the compound is
appreciably different from the basis metal, stresses will be developed in the
surface layer. This is particularly true at low temperatures where the lack
of lattice mobility impedes recrystallization. The stresses can lead to the
formation of pores, cracks, and blisters which can have a profound effect on
reaction kinetics, or in the extreme case can result in complete failure of the
protective qualities of the film.

The first stage of a reaction between a metal surface and a gas is the
formation of a chemisorbed monolayer on the surface. Measurements at low
pressures have shown that rates of chemisorption are logarithmic. Lands-
berg(O) thus suggested that the rate controlling step in thin film growth is
chemisorption.

Nucleation phenomena have been considered as playing a part in film
growth. In general, the formation of a solid solution of gas in solid is follow-
ed by a rapid growth of product film. (2) This implies an induction period
followed by a rapid acceleration in reaction rate. Finally as the nuclei
coalesce, further reaction becomes controlled by one of the rate laws dis-
cussed below. Such a stepwise growth has been observed experimentally.

The effect of gas pressure on the reaction rate is of great importance
for determining the reaction mechanism. If, for example, the rate deter-
mining step involves the dissociation of a bimolecular gas, the oxidation rate
would be expected to inrease as the square root of the gas pre.sure. If a
diffusion process in a film controls the overall reactions, various oxidation
rate-pressure relationships may be found. If a parabolic rate law applies,
the pressure dependance of reaction rate is usually smaller than the square
root relationship.

Preceding Page Blank 3
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2. KINETIC LAWS OF GAS-SOLID REACTIONS

A number of empirical relations uave been recognized in the kinetic study
of gas-solid reactions. Usually their relations are expressed in terms of
weight increase as a function of time or, film thickness as a function of time.
For convenience, they will be expressed here in terms of weight increase,
Am, and time, t.

The linear relationship

Am aKLt (1)

where KL is the rate constant

states that the weight increase is a linear function of time. Linear oxidation
kinetics are frequently observed for metals when the volume ratio of the oxide
is either appreciably less than unity or substantially greater than unity. In
the former case the oxide is unable to form a coherent surface film and thus
fresh metal is continuously exposed. In the case of high volume ratios, po-
rosity of the films develops due to splitting and cracking set up by develop-
ment of stresses. The existence of linear relations does not, however,
require the absence of a non-porous layer. A thin non-porous layer may
exist next to the metal. When this layer reaches a critical thickness, stresses
may cause cracking. An experimentally determined linear reaction rate may
then be controlled by diffusion across a non-porous layer of essentially con-
stant thickness.

The parabolic relationship

m) ()

has been found to express reaction rates for practically all metal-oxygen
systems, at least within certain temperature ranges. The parabolic reaction
rate implies that the rate of increase of film thickness is inversely propor-
tional to the film thickness. Parabolic kinetics are expected to occur when-
ever the reaction product forms an adherent, non-porous film across which
one or both of the reactants must diffuse.

Some experimental reaction rate data have been found to agree with a
cubic relationship

3a

V. m3 Kt (3)

although such examples are fairly rare.

The logarithmic (or exponential) rate law is frequently encountered in
low-temperature oxidation reactions. The integral form of equation

4



expressing this is

Am = lC log (at + t0 ) (4)

which contain, three constants, KE, a and to. The alternative inverse loga-
rithmic form is

A - A- Klogt (5)

where A and IC are constants.

The logarithmic reaction rate law describes a reaction which decreases
very rapidly with time. Such rates are generally applicable to formation of
protective films which are very thin and formed at low temperature. Thus,
the formation of oxide films on metals at room temperature frequently follow
exponential rate lawa. One possible explanation of the logarithmic rate was
advanced by Evans(3) who postulated the formation of cavities in the oxide
film due to compressive st-"esses. Such cavities block the diffusion paths in
the film which leads to a rapid decrease in reaction rate. This explanation
assumes that diffusion of metal ions through the coating is the rate controlling
step for the reaction.

In the mechanism proposed by Cabrera and Mott( 4 ) the electrons are
supposed to pass from the metal to the adsorbed oxygen on the surface by a
quantum mechanical tunneling effect, thereby producing a strong electric
field across the oxide film which is responsible for pulling metal ions through
the film. A certain interpretation of the Cabrera-Mott theory leads to expo-
nential oxidation kinetics for the tunneling mechanism.

3. FLUORINE-METAL REACTIONS

Although there is an enormous amount of literature on reactions of oxygen
with metals, there are very few investigations reported concerning fluorine-
metal reactions. In view of the fact that most metals, and this applies to all
of the metals under investigation in this contract, have naturally-occurring
oxide films, it is appropriate to also review literature data which involve
reactions of fluorine with metallic oxides.

0 Brown, Crabtree, and Duncan( 5 ) have iDvestigated the kinetics of reaction
of fluorine with copper metal freshly reduced in hydrogen before exposure to
the gaseous fluorine. They found the reaction rate to be independent of pres-
sure over the range from 6 to 60 torr at 100oC. The reaction rate in the
temperature range from 25 0 C to 300oC was logarithmic. There was some
deviation at higher temperatures which could have been the onset of a para-
bolic law. The calculated film thicknesses ranged from about two molecular
layers (-. 101) for 5 hours exposure at room temperature to 35 molecular layer
for 5 hours exposure at 200% , The authors coacluded that no single mech-
anism could explain all the obs ervatiens. The quantum mechanical tunneling * i
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effect could explain the growth rate for the thin film region below about 10
molecular layers, say 50 1, but at greater film thickness the tunneling effect
becomes inefficient. But their data showed that the logarithmic growth law
was obeyed up to p-ich greater film thickness. The Evans mechanical break-
down mechanism(9) leads to a logarithmic rate and could explain in part the
mechanism for thick films. It is difficult to see, however, how the same
kinetic law can hold no matter whether the film is one or two molecular lay-
ers thick or up to 35 layers thick. Evidently a logarithmic expression holds
for corrosion kinetics in which more than one process is occurring.

O'Donnell and Spatkowski (7 have investigated the reaction of fluorine
and copper at 4500 C and at pressures from 10 to 133 torr. The reaction was
found to be pressure dependent and followed a logarithmic rate law. The
reaction did not seem to be entirely diffusion controlled and fluorine was
thought to be the migrating species in the reaction.

I•lscellaneous metal-fluorine reactions were investigated by Haendler,
et al"°1 . Reaction products were identified but no rate data were determined.

Air Products and Chem~icals, Inc. (9 have conducted an investigation of
reaction,' between fluorine and various metal powders at room temperature
and 1,85'0F. Fluoride film thickness as a function of time of exposure was
reported assuming that the reaction takes place between fluorine and metal
to form the normal metal fluoride. Surface areas of the powders were only
approximate so relative film thicknesses may not be exact. The data show
rates of reaction generally logarithmic ýn character, the rate of film growth
virtually ceasing after a few hours time for some alloy powders. The effect
of eaoisture on fluoride films was also investigated by measuring additional
reaction with fluorine after exposure of passivated powders to atmosphere
moisture.

(10)The fluorination of iron was studied by O'Donnell at temperatures
from 2Z5 0 C to 5250 C and at preý,sures ranging from 20 to 200 torr fluorine
pressure. In all ranges the reaction followed a logarithmic rate law and was
dependent on the square root of the gas pressure. The author concluded that
fluorine gas passed through pores in the film. As the film grows the block-
ing of pores leads to a rapid decrease in reaction rate, hence a logarithmic
rate law is observed.

Jerry, Fischer and Gunther(! l investigated the .iechanism of the
reaction of fluorine with nickel at about 600 - 700 0 C. On the basis of the
metallographic examination of fluoride scales growing on the nickel and from
separate radio&utographic data, it was proven that fluorine is the migrating
species in the reaction. This is in sharp contrast to the growth of oxide films
on nickel where it has been shown that nickel ions migrate through the scale
to the gas-solid interface to react with oxygen.

Relatively few investigations have been reported of the reaction of
fluorine with metal oxides. Such investigations should be of great significance

6
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for a better understanding of passivation in %iew of the ubiquitous oxide films
on technical alloys. It in one matter to understand the reaction mechanism
and kinetic laws for interaction of fluorine with a freshly reduced metal sur-
face but quite another set of circumstances prevail for the reaction with a
commercial alloy. The key to understanding the reaction mechanisms on the
latter may well be in a detailed study of reaction of fluorine with bulk metal
oxides. One must proceed cautiously in this direction, though, because of
the tendency of oxide films to be pseudomorphic with the underlying solid.

Haendler et al(8 ) studied the reaction of fluorine with oxides of copper.
tin, titanium, zirconium, and vanadium. Copper (1) oxide reacted between
1500 and 300 0 C as follows:

Cu 2O0 + F 2 - CUF 2 + CuO (6)

A higher temperature (above 3000C was required for the CuO to react to
form additional copper fluoride.

Ritter and Smith( 1 2 ) investigated the reaction of fluorine with copper
(11) oxide. A fairly high surface area oxide powder comprised of npherical
particles was reacted with fluorine starting at room temperature and increas-
ing to I000 C over a period of 3 or 4 hours. The initial reaction was slow
until the fluoride film thickness reached about 10 or I5 1 at which time the
reaction rate accelerated. then decreased again. Most of the kinetic data was
obtained during this final phase of reaction. The authors conclude that the
film grows slowly at first until the stresses developec: in the distorted lattice
are sufficient to rupture the initial film. This occurs at a film thickness of
10 - 15 1 and leads to an acceleration of reaction rate. At higher temperature
the film grows with normal lattice parameters and obeys a parabolic rate law.
It is further concluded that the reaction, at the latter stage. is fluorine diffu-
sion controlled. Thze reaction rate was directly proportional to the square
root of fluorine pressure.

Very few quantitative investigations have been reported in the literature
involving; pitions of halogen fluorides with metals or metal oxides. Emeleus
^nd Wool, 1 1 I 'emonstrated that bromine trifluoride reacted with several
metal oxides, including copper (11) oxide, to quantitatively release oxygen
formaing the metal fluoride in the process.

* The kinetics of the reaction between nickel oxide and chlorine trifluoride
was investigated by Farrar and Smith( 1 4). It was found that the initial thin
filmn of fluoride increased in thickness due to a diffusion process &as indicated
by a parabolic reaction rate. After the fluoride film reached a critical thick-
ness, a recrystalllrzation occurred which led to a major change in corrosion
mechanism. Now a linear kinetic law took over in which the chlorine tri-
fluoride migrated down grain boundary paths and the rate controlling reaction
was diffusion across a transition zone of relatively constant thickness. The
nickel fluoride film contained a lazige excess of chlorine trifluorid*.
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Farrar and Smith also found that of the two most likely reactions between
nickel oxide and chlorine trifluoride. namely:

3NiO + 2CIF 3 -* 3NiF 2 + Cl 2 + 3/2O2 (7)

and

NIO + CIF 3 -- NiF 2 + CIF + 1/ZO; (8)

the former appears to predominate as evidenced by a large proportion of
chlorine in the reaction product. Only very small amounts of C IF were
found by mass spectrographic and infrared analyses.

Thus it appears that in fluorination reactions of solids, the species which
diffuses to the reaction site is the fluorinating agent. This may bav.e some
reiation to particle size of the reactive species. The oxide ion. 0. ", is
about 3.21 in diameter while the fluoride ion is about 2. 71. Othei consider-
ations might suggest diffusion of neutral species. Since F dissociates easi-
ly (bond energy = 39 Kcal/moie). it would probably migrate in atomic form;
its atomic radius is 0. 71, The much more stable oxygen molecule (bond
energy = 117 Kcal/mole) does not dissociate readily; the molecular radius
is about 1. 41.

The formation of the fluoride ion would depend on a supply of electrons
from the metal surface under the oxide film. Quantum mechanical tunneling
would provide a path for these to reach the surface, then the potential grad-
ient from positive metal to negative fluoride will attract the fluoride ions
into the film until they react with a metal oxide bond and release oxygen.
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SEC TION III

MATERIALS AND EXPERIMENTAL METHODS

S1. MAER IALS

The fluorinating agents considered in this program included fluorine
(F 2 ) chlorine trifluoride (CIF 3 ), chlorine pentafluoride (ClF5 ), and bro-
mine pentafluoride (BrFs).

Fluorine gas was obtained from Allied Chemical, chlorine pentafluoride
was supplied by the Air Force, and the other interhalogens were obtained
from the Matheson Company. Fluorine, chiorine pentafiuoride, and chlorine
trifluoride were passed over sodium fluoride pellets to remove HF. Bromine
pentafluoride was subjected to a double batch distillation before uce, while
bromine trifluoride was used without furtber purification.

The sheet stock and powdered metals and alloys which were obtained
for use in this program included technically important alloys used at cryo-
genic temperatures for tankage and plumbing hardware in present propellant
systems. They are listed and described in Tables I and II.

2. EVALUATION OF GAS-SOLD REACTIONS

Of the various techniques employed for evaluating the extent of a gas-
"solid reaction, the two most generally applicable are the manometric and eo.
gravimetric methods. (15) The former experimental technique involves a
measurement of the change in pressure during the course of the reaction.
taking ptiwe in a closedi. isather~cial oysterm.. In principle it is applicable
to any reaction in which a net change in pressure occurs. For example, if
a reaction takes place betweez a metaJ ard fl.uorine as follows

M 4 IF2  If

there will be a chance in pressure directly related to the number 2f rnoles
of reactants ccr~sumed. However if a reaction were to take place between a
metal oxide and fluoriue as follows

JMO+ F 2 - '+ T 0 (10) .

There id still a ue change in pressure. but a calculation of the r.oles of
fluorine reac.ed must take into account that, ooe- half molt~ of Saseousa re -
*ction prodi•ct is produced per maole of fluori.e coi;suwmend. One muat there-
fore know the nature of zhe reaction tO convert pressure changea to .-umati--
tati,'e rate data

I 9
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The main disadvantages of the manometric method are that initial re-
actant gas may become contaminated with byproduct gas and that there will
be ? pressure change during the cours2 of the reaction. The effect of the
decreasing partial pressure of the reactant gas may have a profound effect
on the reaction rate, particularly for those reactions which are pressure
dependent. Some of these problems can be overcome by incrementally re-
storing the initial pressure as the reaction proceeds or operating under
conditions where the net pressure change is a very small part of the2 total
pressure.

The gravimetric method requires the measurement of the weight change
of a solid during the cours,? of a reaction. If the films formed are extremely
thin, then the weight changes taking place may be very small, requiring the
use of extremely sensitive microbalances. If one uses a metal powder with
large surface to weight ratio then the weight changes may be great enough
so that ordinary analytical balance weighing will suffice. However, the use
of powders is open to the criticism that the surfaces may not be representa-
tive of bulk metals and due to the large surface to volume ratio the reaction
may not be isothermal.

Prelin•nary investigations demonstrated that passive films formed on
metals by exposure to fluor'ine or halogen fluorides are extremely thin. It
was calculated that it would be very difficult to determine by conventional
analytical weighing techniques, the uptake of gas or increase in weight of a
bulk metal specimen of reasonable proportions. Powdered metal speci-
ments were used therefore in all kinetic studies.

a. Manometric Method

A manometric system, or as It will be referred to here, a constant
volume system, was constructed for determining rates of fluoride film for-
mation in metal powders exposed to fluorine gas. The essential parts of
the system are depicted schematically in Figure 1. The necessary ma-
nometer shown to the right of the drawing is included only for calibration of
the sensitive gauge and is valved off during all routine operations in the
system.

The volumes of the ballast chamber axd sample chamber are
approximately equal - 150 ml each - therefore if the ballast chamber is
initially pressurized with gas to about two atmospheres, the final pressure
after opening the valves to the evacuated sampIR rhambor will be approxi-
mately one atmosphere. The principle of operation is the determination of
the change in pressure of fluorine in a constant, known volume as a function
of time, as the fluorine reacts with a metal powder contained in the sample
chamber.

The procedure is outlined as follows:

1. The apparatus is first passivated without a sample
being present.

13
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Sensitive Gage
0"1500 torr

Standard Gage/ 0-30 psia

VAC

FZ

He

k3alast Sample
Volume Chamher

Constant Temperature Bath H aoee

Figure 1. Constant Volume Apparatus for Measuring
Reaction Rates of Fluorine with Metal
Powder*
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2. The entire system is putrg d anid evacuated.

3. A metal powder sample of known surface area is weighed
into the sample chambcr, after which the system is again
evacuated.

4. Helium gas is introduzed into the system, except the sample
chamber, at about two atmospheres pressure. The valves
to the sample charnbtr are opened and the gas expanded into
the entire system. J the initial and final pressure is
measured accurately with the sensitive pressure gauge,
this step seovei to calib:ate the volume of the sample
chamber, and t.o indicate the "zero time" pressure for the
fluorine gas.

5. The system is again evacuated.

6. Fluorine gas is admitted and step 4 repeated.

7. Pressure ýn the system is measured as a function of time
using the Lenwitive pressure gauge. (This gauge is sensi-
tive to + I torr.

The weight of fluorine, Wr,. removed from the gas phase by virtue
of reaction -t-l the metal powder, can be computed at any specific reaction
time by

AFvT
w F (11)

where AP is the totu-I change in pressure at the given time and VT is the
total system volume, exclusive of the volume of the powder. The use of
this expression requires the assumption that the reaction takes place ex-
clusively between fluorine and metal without the formation of any volatile
reaction products (i. e.. reaction equation 9). The probable consequence of
this assumption will be discussed later.

The mean film thickness can be related to WF as follows:

X, WF

d 8(IZ)

whe re

d = film thickness in Angstrom units

X ratio of mclXcular weights of metal fluoride and fluorine

A total area of powder specimen in square centimeters

P density of rmetal fluoride in g/ml.

b. Gravimetric Method

The volumetric method for determining rate of reactionoffluorine
with metal powders cannot be used with halogen fluorides because the

15



* ; *

reaction does not necessarily lead to a net change of pressure in the gas
Phase. Therefore. a graVimetiic method was used for these oxidizers. The
flow system is shown schematically in Tigure 2.

The halogen fluoride vapor is passed slowly through a glass U-tube
which contains a quantity of the metal powder under investigation. The
weight change of the tube is determined for, various periods of time of ex-
posure from which a plot of mean film thickness as a function of time can
be made.

In the system described, four reaction tubes are rnanifolded in
parallel to cover a range of exposure times. Each tube is detachable from
the system, and the flow of halogen fluoride through a given tube can be
interrupted at any time and tht~ tube purged with nitrogen to arrest further
r,)action. The detail of the glass reaction tubes is given in Figure 3. The
weight gain of the tube is related to the film thickness by equation 12 above.

3. E LEC TROCHEMICA L MEASU REMENT S

a. Electrode Polarization

Studies on the anodic polarization of nickel in bromine trifluoride
have been previously carried out in this Laboratory. (16) This method of
investigation has now been expanded and applied to this contract. The ex-
perimental approach involves the study of the anodic polarization behavior
of test electrodes in brornine~trifluo ride. The electrodes under investiga-
tion are subjected to a variety of passivation treatments and environmental
effects. The ultimate aim was to define the relationship between the anodic
behavior and the nature of the passive films.

Aside from the reactlir..y of bromine trifluoride, the experimental
methods are handicapped by a lack of any suitable reference electroede com-
patible with this material. and by the fact that it is a passivating medium.
Therefore, passivatlon by exposure to the bromine trifluoride may be
suaperimnposed on the passivation produced by exposures to other passivating
gases. if these experimental difficulties can be overcome, or cempensated
for. the electrochemical approach may prove to be a very valuable indica-
titin of the quality of passive films.

The polarization cell used in the control experiment with pureI
nickel electrodes is shown in Figure 4. The working electrode and plati-
num. counter electrode (10 x 10 mm in size" are disposed 5 mm apart. A
platinum wire reference electrode is spaced I mmn away' from the working
electrode. The cell is constructed of Pyrex glass and requires approxi-
mately 20 ml of bromine trifluoride to fill it above the level of the top of

the electrodes. The cell is filled by suction from the electrolyte reser-I
voir which communicate* with the cell by way of the Teflon plug stopcock.
The cell can also be drained when desired by opening the stopcock and
allowing the electrolyte to flow back to the reservoir.

16
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-Electrolyte Reservoir
Teflon Plug Stopcock

Figure 4. Polarization Cell and Circuit
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b, Electrode Flevinag

The apparatais a•se for anodic polarization of convoluted electrodes
is shown in Figure 5. Nickel ZOO and other electrodes formed into a sharply
convoluted form were anodically polarized in bromine trifluoridt at +3. 00
v',ts until a nearly steady state ancd.c current was achieved. At this time
the electrode was extended in the electrolyte so as to flex the electrode con-
volutions and hence to impose a stress on any passie film or. the electrode
At the same time the anodic cur rent wis observed for any increaise which
would indicate rupture of the protcrtive filrm over ; ?y ij•rt oi •he surfact
and re-establishment oi t~he higher anodic iurrent characteristic of an .n-
passivated nickel surface.

4. ELECTRON DIFFRACTION ANALYSIS

Attempts were made to characterize the fluoride f lme formed on metal
surfaces by means of reflection diffraction, techniques. The met..l amples
were cut from sheet stock in the form c f rectangular c)upons. 7 x 8 mm in
size. Surface preparation before paisivating in fluorine consisted of wet
grinding on 600 silicon carbide paper followed by eýching in cold concen-
trated HCl. This was followed by rinsing, drying and final deg~reasing in
Freon 11. Samples were then expobbed to fluorine.

An Hitachi HU-U-I L electron microscope with a reflection diffraction
attachment RDA was used with 75kv acceleration voltage and a charge
"neutralizer Type SG-B electron spray gun. The purpose of the charge
neutralizer is to produce a low voltage electron spray from a helicoi'dal
filament, and to eliminate surface charge in the specimen area. A col-
lected surtace charge, particularly in insulatiag and semiconducting
materials.may cause a distortion or instability of the diffraction pattern.

A dry box (see Figure 6) was attached to the reflection diffraction

stage for specirne• manipulation v-. a d-r argon atmosphere. The micro-
scope column was pureed by dry - --gon and :-•Aintained under positive ores-
sure during change of specirfens and .-ýitroductiorn of the diffraction stage.
The reflection diffraction attachment (RUA) 41so carrieda refercnce sample:
deposited aluminurn film on a specimeii grid. The known d spacings, (4) of
the reference sample. were used for d4terkintng the camera 1ength (L) and
thus for calculating the crystallographic d-spacings of the bpitcimen .inder
examination. The distances R (it, millimeters) of observed eectror diffrac-
tion spots from the non-diffracted beam or the radii of the diffraction rings
were measured and converted to d-valhes (in Angltromn.) u*si•g the calt-
brated camera constant Lk U = wavelength) 6y- reans of tht relation

From d-vulues so obtained, an id-intification may dung the ASTMF
X -ray standard c ard file.

Z0
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Figure 6. Hitachi HU-ll Electron Microscope and Argon
Filled Dry Box Attachment
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5. SURFACE AREA MEASUREMENTS

Knowledge of the specific surface area of the metal powders is basic to
kinetic studies where an effort is being made to relate weight gain to thick.
ness of the fluoride film. The B, E. T. method using krypton gas adsorption
at 77 0 K is a most satisfactory means of determining the specific areas of
powder of the type being used in this investigation. '

The kryptor-gas B. E. T. method makes use of the following adsorption
isotherm equation:

' _ 1C + (C-1) 1 (14)
V o -" + /

where V is the volume of gas adsorbed by a surface at the equilibrium pres-.
sure P, P 0 is the saturation pressure of the adsorbate, Vr is the volume nf
adsorbate required to form a monolayer on the surface, and C is a constant
for a given adsorbate-adsorbent system.

On typical heterogeneous adsorbents, this two-constant equation can be
used with considerable confidence over a limited range of pressures pre-
ceding and following the buildup of a monomolecular layer. For any iso-
therm, or portion of an isotherm, which obeys this relationship, a plot of
P/V(Po - P) against P/P will yield a straight line with intercept equal to
I/VmC and slope (C - l)YVrnC. This is the so-called B.E.T. plot. From
the slope and intercept, V can be calculated; it is equal to the reciprocal
oi the eum of the slope and-intercept.

The total area accessible to adsorption is the product of the total num-
ber of gas molecules in Vm and the effective cross-sectional area of each
molecule, a,• Therefore: •:••,.,.. •i

V Nm (15)

where S is the total surface area of the absorbent, N is Avogadro's number,
and M is the molar volume of the adsorbate. The foregoing equations are 4
the basis of the determination of surface areas by gas adsorption.

Surface area measurements were made on the powders before and
after passivation in fluorine gas. The passivations were carried out by I
exposing the previously evacuated powder samples to a fluorine pressure of
50 torr for five minutes, then pumping off the residual gas, thereupon ad-
mitting increasingly higher pressures of fluorine. The alternate five-minute
exposures and evacuations were repeated at increments of 100, 200, and
400 torr fluorine pressure with a final exposure of one hour at one atmos-
phere. The exposures were P -A temperature of 25 0 C. Weighed quantities I
of the metal powders were int idually exposed in the tubes shown in

Figure 7. This allows passivation, evacuation and subsequent introduction
of the powder specimen to the krypton adsorption apparatus without exposure

23
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Attachment to Krypton ___ - Attachment to
Adsorption System Fluorine Manifold

Break Tip

Iron Rod

Sealoff Point

Pyrex Glass

(Approximately to Scale)

>- Powdered Metal Specimen

CIVII

Figure 7. Apparatus for Determining Surface Area of
Metal Powders After Passivation in Fluorine
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to air. This procedure serves to prevent alteration of the freshly-formed

passive film by expoaure to moisture in the air.

6. EVALUATION OF ENVIRONMENTAL EFFECTS

The effects of atmosphere moisture on passive films were investigated
by passivating samples of metal powders by various techniques. After
pumping off the pa.sivating gas or vapor, the powdered sample, enclosed
in a stainless steel bomb, was exposed to air at 50% relative humidity for
48 hours. The bomb was then closed, evacuated, and the amount of fluo-
rine reacting with the powder measured manometrically in the constant
volume passivation system.

25



SEC TIO N IV

RESULTS AND DISCUSSION

1. REACTION OF FLUORINE WITH METAL POWDERS

The design and operation of the constant volume apparatus used for
measuring the rate of uptake of gaseous fluorine by metal powder has been
described in Section III. The volume of the sample bomb is calibrated in
each experiment by expanding helium frorn the fixed volume portion of the
system (Figure 1) to the evacuated samp)e container and measuring the
pressure difference. The helium is pumped out and thia operation is re-
peated with fluorine gas. The initial pressure of fluorine gas is calculated
from the helium calibration, because the initial reaction is so rapid that it
is impractical to measure the initial fluorine pressure directly.

The very rapid initial reaction of fluorine with metal powders indicates
that the oxide films are involved in the fluorination reaction, since an in-
duction period for diffusion through the film is not found. If this is true,
the weight of flaorine reacted as calculated by Fquation I 1 will be in er-• 'r
as the derivation implies that the gas solid reaction is as follows:

M + F 2 - MF 2  (9)

whereas in reality the following reaction is to be expected:
1

MO +FZ -. MF2+ .OZ (10)

If the latter equation correctly expresses the fluorination reaction, it
can be seen that one-half mole of oxygen is released for each mole of fluo-
rine consumed. The pressure change determined manometrically therefore
is only one-half that predicted by Equation 11. Another modification of
Equation 11 is required because it is impractical to thermostat the entire
volume of the system. The equation which relates the weight of fluorine

* (WF) removed from the gas phase through reaction with the metal powder
with the pressure change is

WF 38 .T + (16)

where A P is thn total change in pressure, VI is the volume of the system
thermostatically controlled at temperature TI, and V2 is the smaller volume
of the system outside the constant temperature bath at ambient temperature
T?. The ambient temperature TZ may vary from one run to another and

Preceding Page Blank 27



indeed may change during a prolonged run, in which case corrections to the
data are required.

"The mean film thickness as a function of time of reaction can be calcu-
lated nsing Equation 12. The use of this equation requires data for the
specific surface area of the powder and an estimate of the density of the
film, as well as knowledge of the molecular weight ratios of the rmetal
fluoride and fluorine. The fluoride film is assumed to consist of the nor-
rmal fluoride of the same alloy constituent for nickel, copper, and aluminum
alloys, while the Monel and stainless steels are assumed to be mixed fluo-
rides of the major alloy constituents in approximately the composition ratio
found in the corresponding alloy.

The experimental values of surface areas are taken from Table MII.
The calculated valuesof density and molecular weight ratios necessary for
use of Equation 12 are given in Table IV.

It may be advisable to exclude copper from the foregoing analysis.
Evidence is that the normal thin oxide fihn in copper consists of copper (I)
oxide. (18) On the basis of observations due to Haenele4•1 08 which are rein-
forced by evidence to be presented in the next section, the initial oxidation
of Lhe oxide-covered copper may proceed as follows:

Cu2 O + F2 -z CuF2 + CuO (6)

a reaction which would not produce any gaseous reaction products and the
weight of fluorine reacting would therefore be correctly expressed by
Equation 11. It can be stated that, in general. correct calculation of thick-
ness of fluoride films requires detailed knowledge of surface composition
and the nature of surface reactions. These factors are not precisely known
at this time.

Table V gives data covering film thickness calcL'lated from pressure
changes for ten alloy powders for one hour exposure at 270 C (80 0 F). The
experiments have shown that most of the film-forming reactions for all the
materials studied is completed in less than one hour.

Figures 8, 9, and 10 are plots of calculated fluoride film thickness as
a function of time for ten alloy powders at initial fluorine pressure near one
atmosphere,

The general shape of the rate curves for fluorination of the metal
powders suggests conformity to a logarithmic rate law at least in the early
stages of the reaction. Such a rate law is not unexpected for the early
stages of an oxidation reaction at low temperatures. When the data are
tested by plotting the calculated fluoride Mlm thickness against the loga-
rithm of time, it is seen that generally good agreement is obtained in every
case for conformity to a logarithmic rate law. Deviations are noted for
copper and Monel at longer reaction times when the rate of reaction tends

28
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TABLE III. SPECIFIC SURFACE AREAS OF METAL POWDERS
USED IN CALCULATION OF FLUORIDE FILM THICKNESSES

Alloy Specific Surface Area (cm.,g)

Nickel - 112F
Lot M- 12308 2330

,onel 206F
Lot Q - 10435 2020

Copper DM 301
Lot 3137 2500

Stainless Steel 347 L
Lot N-2355 1490

Stainless Steel 304
213-F 1010

Stainless Steel 316 -

215 F 1040

Aluminum 6061 3460

Aluminum 2014 7050

Aluminum 2024 4830

Stainless Steel
AM 350 3230

29
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TABLE IV. VALUES OF DENSITIES AND MOLECULAR WEIGHTS USED

FOR CALCULATION OF FLUORIDE FiM THICKNESSES

Metal Ratio
or Fluoride MW fMW
Alloy Composition p(g/•) MW W M mWF

Ni NiF 2  4.63 ý6.7 2.54

Cu CuF2  4, Z3 101.5 Z.68

Cr CrF 3  3.8 109.0 1.91

Fe FeF 3  3.53 1lZ. 8 1.98

Al AlE'3  Z. A8 84.0 L 48

Monel (70NiF 2 +30CruF 2 ) 4. 51 98. z 2. 58

SS304 (18CrF 3 +8NiF+7?4 FeF3 ) 3.67 110.7 1.99

SS347

and SS316 (17CrF 3 +IZNiF +71FeF3 ) 3.72 110.0 Z.01

AM350 (ISCrF 3+5NiFz+80FeF 3 ) 3.64 111.5 2.00

30
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to exceed a logarithmic rate. The aluminum alloys do not follow t1~e loga-
rithmic rate law at longer times because the film appears to cease growing
after a relatively short period of time. Plots of the fluoride film thick-
nesses as a function of the logarithm of time are given in Figures 11, 12,
and 13 for the various alloys. Calculated logarithmic rate constants based
on Equation 4 are listed in Table VI.

The pressure dependence of the reaction rate has been investigated for
one material - namely, nickel 200. Rate curves were determined for three
different pressures ranging from an initial pressure of 101 torr to 1090 torr.
The rate curves are given in Figure 14. Logarithmic rate constants were
determined by plotting the data of Table VII. The plots are shown in
Figure 15.

The logarithm of the rate constant is plotted againsei the logarithkn of
pressure in Figure 16 to show the effect of pressure on the rate. In the
equation

logKE a SlogP+C (17)

the slope S is the order of the reaction with respect to fluorine pressure.
The experimental value of S is 0. 33, which indicates a reaction rate deter-
mined by approximately the cube root of fluorine pressure.

From the rate of growth of the fluoride films some speculations can be
made concerning the possible mechanisms of growth. Logarithmic rate
laws are generally attributed to two mechanisms: (1) the growth rate is
controlled by tunneling of electrons through the film, or (2) growth rate is
controlled by a pore structure or defects in the film. In the latter case two
slightly different diffusion processes may be involved. In one case it may
be assumed that compressive stresses set up in the product film results in
formation of blisters or cavities in the protective film. Such cavities in-
terrupt diffusive paths of ions and halt reaction in the area of the cavity.
The result is a rapid decrease in reaction rate due to decrease in the
effective reaction area. A slightly different view is held by others. It
may also be argued that a pore structure exists in the film from the onset
of growth and that the rate controlling step is passage of gas through the
pores. As the film grows in thickness, blocking of pores takes place due
to the compression of the film, thus preventing passage of the gas. The
latter mechanism is obviously pressure dependent.

The mechanism based on pore structure or defects is rejected because
it is difficult to see how a film only a few molecular diameters thick can
develop sufficient compressive stresses or indeed even act as a distinct
phase. A mechanism based on the tunneling effect is proposed as consistent
with the observed facts. In all cases within the range where the logarithmic
law holds, the total film thickness, even including the oxide film, is well
within the limit for quantum-mechanical tunneling, viz., about 50 1. The
low pressure dependence Is also consistent with a tunneling mechanism.
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TABLE VI. LOGARITHMIC RATE CONSTANTS FOR INITIAL
FLUORIDE FILM FORMATION ON METAL
POWDERS 27 0 C (80 0 F)

Fluorine Presaure Near One Atm.

Am K E log (at + t 0)

Logarithmic
Rikte Constant

Metal or Alloy -- KE

Copper 3.3 k-min

Monet 3.6

Nickel 4.0

AM 350 1.7

SS347 3.5

SS316 4.2

SS304 4. 2

Al 2014 1.3

Al 2024 2.4

Al 6061 3.8

740
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TABLE VII. EFFECT OF PRESSURE ON LOGARITHMIC
RATE CONSTANT - NICKEL POWDER
27 0 C (80 0 F)

Time Fluoride Film Thickness (1
,min) 101 torr 787 torr 1090 torr

1 8.2 14.2 16.4

2 10.0 15.2 17.4

3 10.4 16.0 18.0

5 11.0 17.0 18.4

10 11.6 18.0 19.8

20 ,12.0 19.4 21.0

30 12.2 20.2 21.6

60 12.4 20.8 22.6

120 12.6 21.2 23.4

180 13.2 21.4 23.8

Logarithmic
Rate Constant
(KE) 1.7 3.2 3.5

From plot oflog K E SlogP+C,

S = 0.33
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Z. R'.ACTXON O" GASEOUS FLUORINE WliH METAL OXIDES

Moat met•Js generally hate oxide films on the surface which are
probably at least 20 to 50 1 or more in thickness. (18) This is considerably
thicker than the apparent fhv.oride film thickness produced by short exposure
ýo gaseous fluorine and in view .1 the rapid re;.ction with fluorine, it is
evident that the oxide film is largely, if not exclusively, involve.d in the
reaction. This implies that the method of calculation of fluo-;.ile film thick-
ness based on the following reaction may not be correct:

M + F - MF (9)

Instead• film thicimiess calcai tiao, ;Ohould be based on the following genera&z
reaction.

S7 + o (10)

Mao0ds of calculati.on of fluoride film thickness based on th, first
*j;ýian will yield resu•.ts which are too low. This applies where a gravi-
metric n±_:.hd to tir-ployed, or if a pressure change is determined in a
closed syaton, i.e. , a volumetric method. If a particular metallic oxide
exi.t in an intermediate oxidation state, for example CuO, other r,-ac-

trona •are possible:

CuzO + F - CuF2 + CuO 46)

or Cu O + ZF 2 - ZCuF 2 +.0 (18)

It becomes apparent that detailed knowledge cf the nature of reacti•n of
fluorine with surface oxide films is important before any accurate estima-
tion of fluoride film thickness can be madie.

The relative rates of reaction of fluo,.nne with both thin ars thick oxide
films on copper ind nickel as well as with copper and nickel oxides were
determined, using the constant volume pasuivation apptratus. Samples of
c4-cpsr wd nickel powders were used (1) as received, (2) after hydrogen
reduction followed by exposure to axmbient air, and (3) after air oxidation
at elevated temperature. Reage"t grade CuO and NiO were also used.
Surface areas of all these materialv were m'easured in order to express the
amount of fluorine reacted on an equivaJlnt area basis. The surface areas
are given in Table VIII.

Weighed kamples of each of the materials listed in Table VIII were
introduced into the const.nt volume apparatus, and the amounts of fluorine
reacting &t approximately one atmosphere initial pressure an4 80 0 F were
determined Figure 17 is a plot of the jmount of fluorine in milligrams
reacting per 105 cmn2 of surface As a fur.ctior, of time on the copper deriv-
atives. A sir-,ilar plot is given in Figurt 18 for the nickel materials.
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The rate of reaction of fluorine with the as received copper and
hydrogen-reduced copper are nearly identical. When expressed in terms
of the amount of fluorine reacting for equivalent surface, the curves in
Figure 16 are almost superimposable. It may be assumed here that the
reacting surface is Cu20. There is considerable evidence that the thin
oxide on copper is Cu2O. (18) This film would be expected also to have
reformed on the hydrogen-reduced sample when exposed to air.

The MD-301 copper powder which was oxidized in air until a black
oxide film of CuO covered the particles, reacts more nearly like the reagent
CuO (bottom two curves of Figure 17). The reacting oxide, CuO, attains a
limiting fluoride film very rapidly which impedes further oxidation. It
appears that the reaztioe b-tween fluorine and CuO nearly ceases after
about ten minutes. With a Cu O surface, the reaction is still continuing at
an appreciable rate for 30 to 601 minutes. Obviously, a different mechanism
is involved.

No simple explanation can be advanced at this time lor the widely dif-
ferent reaction rates of fluorine with the nickel oxide surfaces as shown in
Figure 18. The similar curve for the nickel powder and NiO lends support
to the belief that the reactive film on the nickel is NiO, but this is not sup-
ported by the curve for the ignited nickel powder which was obviously covered
with a heavy film of NiO (bottom curve of Figure 18). The decreased oxi-
dation of the hydrogen-reduced nickel and oxidized nickel powder may be
related to the high temperature each was exposed to which may have caused
changes in the defect structure of the surfaces. The shape of the reaction
rate curves implies a different reaction mechanism for these two materials.

3. REACTION OF GASEOUS CHLORINE TRIFLUORIDE
WITH METAL POWDERS

a. Procedure

The flow system for the gravimetric determination of the reactions
between halogen fluorides and metal powders was discussed in Section MII.
In the preliminary experiments in which chlorine trifluoride vapor was
passed over 304 stainless steel powder, small weight losses were observed
rather than the anticipated weight gains. The weight losses were traced to
HF attack of the glass which more than offset weight gains due to reactionI of chlorine trifluoride with the metal. Some of the HF attack may be caused
by traces of HF left in the chlorine trifluoride but it is most likely that most
of the attack is due to diffusion of the oxidizer through the Teflon Swagelok
ferrules where the glass arms of the U-tubes connect to the stainless steel
manifold. Visible etching takes place on the outside of the glass tubes at the
junctures with the Teflon ferrules.

The original experimental procedure was altered to compensate for
the loss of weight of the glass tubes. The metal powder is weighed into the
tubes by difference, i.e., the empty tube is first weighed precisely on the
analytical balance to the nearest 0. 1 mg, then the metal powder sample is
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placed in the tube and the tube and contents reweighed. After exposure to
the flowing chlorine trifluoride vapor for the desired period of time, fol-
lowed by purging with nitrogen, the tube and contents ire weighed again.
Finally, the contents of the tube are removed, the tube rinsed and dried,
then reweighed to determine the weight of glass lout due to HF attack, The
weight change of the powder is taken as the algebraic difference between
the weight change of the tube and powder, and the weight change of the
glass tube.

If it is assumed that the weight gain of the metal powder is due
exclusively to reaction between chlorine trifluoride and metal to form a
metallic fluoride of normal composition and density, then the rnean film
thickness can be approximated from

d FMW /WF 108 (19)A, -p

where d a fluoride film thickness in Angstrom units

WF a weight increase of metal powder during exposure to
chlorine trifluoride (g)

MWMF = molecular weight of metal fluoride

MWr X molecular weight of fluorine in metal fluoride

A x total area of metal powder (cm )
p = density of metal fluoride (g!ml)

The fluoride film is assumed to consist of the normal fluoride o,
the main alloy constituent for nickel, copper, and aluminum alloys, while
for the Monel and stainless steel the film is assumed to be a mixed fluoride
of the major alloy constituents in approximately the composition ratio found
in the alloy.

For reasons cited in foregoing discussions, the weight gain of the
powder upon exposure to chlorine trifluoride is due to the conversion of the
metal oxide to the fluoride, hence the film thickness calculated by Equation
19 would be low by approximately 50%.

This is because in the reaction of chlorine trifluoride with a mnetal
oxide, oxygen is evolved. The reaction is as follows:

3M0 +CIF 3  3MF 2 +C12 +70 (7)

The equation for film thickness thus becomes

WF [MWM Wr -MW 0 8O 1 8
dA. 10
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where MWMF a molecular weight of metal fluoride

MWF - molecular weight of fluorine in metal fluoride

k W 0 a molecular weight of oxygen in metal oxide converted
to metal fluoride

The situation of copper is even more complicated. Assume for
the moment that the reaction takes place at the surface with copper (1)
oxide converting it to copper (IU) fluoride and copper (U) oxide in equal
molar proportions. This reaction releases no oxygen, hence Equation 19
may be used to calculate the mean equivalent fluoride film thickness. This
treatment neglects the fate of the copper (II) oxide.

The powders used in these experiments were initially dried; how-
ever, traces of moisture can be readsorbed during weighing and handling.
The presence of chemisorbed moisture in the metal oxides also cannot be
e.-cluded. Any adsorbed moisture present in the metal powder samples
will react with chlorine trifluoride and cause an apparent weight loss if the
reaction products are swept out of the bed of powder. Another possible
source of error is adsorption of the chlorine trifluoride on the powder. It
is suggested that because of the fairly high boiling point of chlorine trifluo-
ride, removal of adsorbed vapor by sweeping with -itrogen may he incom-
plete. Adsorbed chlorine trifluoride remaining on the metal powder would
re.oult in a positive error in the weight gain, tending to offset errors due
to removal of adsorbed moisture during exposure. Finally, electron dif-
fraction studies (sea below) have resulted in the identification of "nttal
chlorides as well as flucrides in these reacting with chIorine fluorides. No
correction has been made for this occurrence.

In view of the possible sources of error mentoned above, and the
uncertainties concerning composition and density of fluoride films, it is
obvious that calculated values of film thickness must be viewed with feser-
vation. However, the data are presented as being useful from a comparison
standpoint.

The calculated values of the density. molecular weights anrd molec-
uLar weight ratios are to be found in Table IV. The specific surface area
values used in applying the above equation are given in Table M for each of
the alloy powders.

b. Experimental Determinations

The experimental determinations covering exposure of nine dif-
ferent alloy powders to chlorine trifluoride vapor at one atmosphere are
given in Table IX. The exposure times range from 15 minutes to IZ0 main-
utes or more. Sufficient heat is released on initial contact of the chlorine
trifluoride and powder to raise the temperature slightly above the ambient
temperatore of Z25C (770F); therefore the exct temperature cannot be
specified and varies dturing the exposure period. The rate of displacement
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TABL• IX. FILM THICKNESS MEASUREMENTS- GRAVIMETRIC
METHODCHLORINE TRIFLUORIDE - ZS°C (77-F)

Surface Time of Wt. Change 'Wt. ChAnge Wt. Change Film

Wt. e Exposure Tube & Powder Glass Tube Powder Thicknesi
Alloy Powder (S) Area (cm ) (min.) ( ( .) (mg.) (J1)

SS304 38.4800 3.90x 104 is -1.6 -2.3 +0.7 1.6
38.6633 3,91 x 10 4 30 -0.4 -1.6 +1.2 2.8
38.4755 3.89 x 10 4 60 -Z.S -5.0 +2.5 5.7
38.3702 3.88 x 10 120 1.9 3.9 +2.0 4.8

45316 38.6474 4.01 x 104 15 .2.3 -2.8 +0.5 1.2
38.6150 4.01 x 104 30 -1.4 -4.3 +2.9 6.6
38.4453 4.00 x 104 60 -0.6 -3,1 +Z.5 5.7
38.7894 4.05x 10 120 -1.2 -3.1 +1.9 4.3

S8316 39.1675 4.07 x 104 is -4.9 -5.1 +0.2 0.5
39.2587 4.08x 10 4 30 -1.4 -3.2 +1.8 4.0
39.2135 4.07 104 6C .1.8 .4.8 +3.0 6.5
39.2100 4.07 10 1Z0 +0.2 -3.2 11.4 7.5

85347L 39.13ZS S.81 x 104 is -3.6 -3.1 -0.5 Negative
39.3051 5.85x 10• 30 -2.3 -3.0 +0.7 1.0
39.3618 5S 6 f 10 4 60 -.. 4 -6.3 +0.9 1.4
39.4315 5.87 x 104 120 -0.7 -3.3 +z.6 4.0

83347L 39. IT64 5Ssx 10: is -i,6 -4.3 -3.3 Negative
39.4906 .89 x 104  30 -.. 6 -3.6 +0.9 1.4
19 262 S.As; V 10. 60 .1.9 -2.1 +0.2 0.4

31.3094 S. SSlO K 10 80 IS -0.7 .9.5 .+8.8

A1 2024 16.8114 6.115 104 is +3.8 -29.2 +33.0 33.0
16.6110 6.03 104  30 +4.0 -30.6 +24.6 Z6.9
17.2948 8.34 104 60 +3.8 -19.7 +23. 5 24.8
18.2087 8.80 200 Izo -0.2 -29.9 +ZS. 7 25.6

Al 2014 16.9739 1.29 x 10s iS +4,2 -2.S +6.7 5.016.8527 1. 19 x 10• 30 +5.6 -14.3 +19.9 14.6

17.0603 1. Z01 !0 60 +4.9 -16.7 +21.6 15.9
16.9815 1.Z0x 10" 120 +4.2 -14.3 +18.5 13.6

SA1 6061 !7. 135s 5.94x 104 Is -4.7 -21.S +16.8 ZS.017.1647 $.94 10 4 30 -1.3 1-43, +21.8 32.6
i,0SS3 5*90 j14 60 58.5 .38.1 +29.6 44.0
17.0647 S.90x 10 1to +3.7 -18.6 +Zz. 3 33.2

Al 6061 17.0464 S.91 x 10 Is -Ia 8 -30.3 +17.S 26.0

17,0774 .1*0 X 10 -5.6 .30.1 +24.3 36.2
17.161 S. 89 x 10 60 .11.5 1 Z. 4 +Z. 9 31.2
17. 009Z 5,69 x 10 120 46.7 -42.8 +16.1 24.0

4
Mose 39.7001 8.03 x 104 1I .51 -10•9 +Is8 7,2

19.7334 8.03 x 10 4 0 -6.7 -134 +6.7 883

39. 3392 7.95 x 104 30 -13.0 .171?7 +4.1 5.8
19.713S 8,4410 45 -6.9 -12.4 +5.S 6.7
40.7109 8.24 104 60 -4.6 -IZ. 7 +7.9 9.6
39.843S L,06 x 104 60 -8.3 o1601 +8.0 9.6
39.9129 6 0x 104 120 -6, ? -12.3 +6.0 7.4
39.8009 i:06 . I.,Z0 -7.3 -10,5 +3.2z 4,0

Copper 19.9314 40.0 10 11 +36.2 -3.0 +39.2 24.8
19.7606 9.95104 30 +34.6 -4.0 +38.6 24.4
39.9060 t0. o :0 4 60 +33.7 -4. +42.9 27.0
39.8669 i0. 0x 10 120 +44,4 -3.6 +44.2 z2, 0

Nickel 39.7391 9. 0 304 is -1.9 .46.6 +ZO.? 21.2
39.1346 9.2 X 104 30 -3.. 45. 6 +22.1 Z.8
39.7056 9.2 104 60 -10's .34.2 +Z3.? 24.3
39.943 4.3 t10 120 -3.6 -Z7.9 +24.3 25.0
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of the nitrogen in the relatively shallow bed of powder by the chlorine tri-
fluoride should not be a limiting factor because 4oth diffusion and convec-
tive mass transfer are expected to rapidly displace the inert gas.

The weight gains recorded for the etainless steels (SS304, SS316,
and SS347L) are extremely small and hence the apparent film thicknesses
calculated by this method are very small. The limiting film thicknesses
for one or two hours exposure do not exceed about seven 1. The weighing
errors involved result in scattered data from which it is difficult to plot
any kind of curve. The results for the 347L stainless steel are so scattered
as to be virtually worthless.

From the data for the apparent film thickness as a. function of time
of exposure for the aluminum alloys it is inferred that the limiting film
thicknesses are on the order of 15, 25 and 35 1 fcr 2014, Z024, and 6061
alloy powders, respectiv•Iy. Although the results are again scattered, it
can be ascertaine," that much of the measurable weight gain takes place
during the first 15 to 30 minutes of exposure. The apparent limiting film
thicknesses for Monel, nickel and copper, respectively, are about 10. Z5,
and 25 A.

Because of the scattered data, no attempt has been made to test
conformity to any rate law. Qualitatively, the rates are similar to the rate
data for fluorine reactions. The apparent limiting film thicknesses produced
in chlorine trifluoride and fluorine do not agree very well fnr all alloys
studied. In the case of nickel, for which the data were best, there is fair
agreement. The limiting film thickness is approximately 25 1 and 21 1,
respectively, for ;hlorine trifluorldc and fluorine at comparable pressure
and temperature.

4. REACTION OF GASEOUS CHLORINE PENTAFLUORIDE
WITH METAL POWDERS

The gravihnetric method was applied to investigation of reaction be-
tween C1F5 vapor and metal powders. As in the experiments with C1F 3 ,
net weight losses of the sample tubes were observed and it was necessary
to apply corrections to the data to compensate for weight losses of the
glas s.

The same procedure and methods of calculation were applied as des-
cribed in Section IV, Paragraph 3 above.

The results for exposure of four metals and alloys to ClF 5 vapor at
one atmosphere pressure for 60 minutes at Z50C (770F) are given in
Table X. The net weight changes obtained for 316 stainless steel and
Monel 400 samples are so small that little significance can be attached to
the calculated film thicknesses. Somewhat larger net weight changes were
observed for nickel 200 and aluminum 2024. However, the calculated film
thicknesses are less than those observed for chlorine trifluoride exposure
under similar conditions. The disparities are so great for all other

Preceding Page Blank
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materials investigated, that it was concluded that the gravimetric procedure,

as practireed herein, could not be made to yield accurate results.

5. EFFECT OF ATMOSPHERIC MOISTURE ON PASSIVE ZILMS

Jt is generally recognized that water vapor hat a deleterious effect on
fluoride films although the exact mechanism is nct clearly understood.
Many inorganic fluorides are hvgroscopic, forming hydrates, hence it is
not surprising that small amounts of moisture can alter and affect the
protective character of a fluoride film. In addition to the possible loss G-'
filn integrity, the Pubsequent reaction of fluorine with adsorbed moisture,
or with hydrates, can result in formation of HF which may be corrosive to
certain metals and alloys in a system.

Very few quantitative data are available concerning interaction of water
vapor and fluoride films. Kleinberg and Tompkins( 9 ) reported on the amAount
of fluorine reacting with samples of fresh and passivated metal powders.
The pastivated powders were exposed to atmospheric moisture (condition
and time of exposure were not stated) prior to a second passivation with
fluorine at one atmosphere. The amount of fluorine taken up in the second
passivation ranged from a low of 4 per cent of the first passivation (nickel
powder) to 95 per cent of the first passivation (Monel). The results were
somewhat erratic. Replicate analyses of Monel ranged from 30 to 95 per
cent comparing the second passivation to the first.

The approach which has been used in this investigation is as follows:
Samples of metal powders are passirated by various methods described
below, then exposed to fluorine gas at near one atmnosphere pressure and
the pressure of flu-irine gas is observed s a function of time in an iso-
thermal system of constant volume. This procedure is repeated on a fresh J

sampl" of powder which has been passivated. then exposed to 50% relative
humidity in air at room temperature. The pressure change Is compared to
that of an identical charge of fresh powder which has received no passiva-
tion treatment. These experiments were carrie*4 out in the constant volumeJ
passivation system.

In Interpreting the results of the various exp~eriments, the simple
assumption is made that if a sample of metal powder does not take up any
additional fluorine upon exposure to fluorine gas at one atmosphere and
80OT, it is completely passivated. On the other hand, if a sample of
powder, following some specified pre-treatment, takes up an appreciable

* amount of fluorine when exposed. the passivation is not complete. Expres-
sing the data as a pressure change. rather than a fluoride film thickness or
weight of fluorine. does not require one to make any assumption as to the

* nature of the reaction.

a. xpe rimftntal Determinations I

Three dies!-nct operations were carried out to determine the efficacy
of the various passivation procedures and the effect of moisture on them.
These are described as follows.
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(1) A 100 gram sample of metal powder was charged to the
sample bomb of the constant volume passivation apparatus. The apparatus
was evacuated-for a minimum of U P minutes, a volume calibration carried
out with helium gas and the system again evacuated. Fluorine was then
introduced to the system and the system pressure was measured as a
function of time as fluorine reacted with the metal powder. The initial
fluorine gas pressure was near one atmosphere and the sample bomb was
thermostatted a' 270 C (80 0 F).

(2) A fresh 100 gram sample of metal powder was charged to the
bomb. After evacuation for a minimum of 30 minutes, the metal powder
was subjected to one of the passivation treatments described in the later
sections,' The sample bomb is equipped with valve and coupling so that the
passivation treatment can be- conducted outside the constant volume apparatus.
After completion of the prescribed passivation, the bomb was evacuated and
introduced into the constant volume apparatus. The procedure under para-
graph (I) above was repeated anI the pressure change due to additional
reaction of fluorine, if any, was recorded as a function of time.

(3) The operations under paragraph (2) were repeated using a
fresh 100 gram charge of powder, except that before the sample bomb con-
taining the passivated powder was placed in the constant volume apparatus,
it was opened up to expose the bomb contents and placed in a constant
humidity chamber at 50% relative humidity at 25 0 C (77 0 F) for 48 hours.
After the exposure, the sample was evacuated in the constant volume
system for 30 minutes before continuing the experiment.

The pressure changes plotted for the various experiments are
directly comparable because the same sample size was always used and
the system volume was always constant (430 ml total). Corrections to AP
were applied for large variations in temperature of the unthermostatted
parts of the constant volume apparatus. (It is impractical to thermostat
the entire system, for example the gauge volume, hence minor corrections
need to be applied for ambient temperature variations.)

b. Studies With Stainless Steel 316

The following results were obtained for stainless steel 316 alloy.
Prt-vious data indicate that a fluoride film of 14.2 I thickness it formed in
one hour exposure to fluorine at one atmosphere and at 270C (80 0 F).

(1) Fluorine Passivation at One Atmosphere

The. data are plotted in Figure 19. Curve I shows the change
in pressure in the system due to uptake of fluorine by a fresh, unpassivated
sample. Curve 2 is obtained after prior passivation for one hour at one
atmosphere fluorine pressure at 27oC (800F). On the basis of the criterion
set forth above, the sample is completely passive by virtue of its lack of
any further reaction with fluorine. After the same passivation, followed by
exposure to 50% relative humidity in air, Curve 3 is obtained. The pressure
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Schbange after one hour is approximately 4516 that of the unpassivated sample
• ~(Curve 1). The rate of reaction appears to t~e slower in the early stagesm as evidenced by the initially dif~ferent negative slope of Curve 3 compared

to Curve 1. This is a general observation for most of the later experi-
ments and its significance will be discussed later.

(2) Fluorine Passivation at One Atmosphere With
Incremental Build-Up of Pressure

This experiment is very similar to the one described in
i/ Paragraph (1) above except that instead of abruptly exposing the sample to

~fluorine at one atmosphere, the pressure is gradually built up in stages
with evacuations between pressure increases. This is a common method
of fluorine passivation. The technique is appli.ed probably for two reasons:

/ • (1) it helps avoid runaway reaction caused by burning of organic contam-
• •• _.inants, and (2) it helps avoid diffusion blocks mn dead ends of systems or

long runs of pipe or tubing. It is not known whethý4r a better or more effec-

tive passive film is produced pe se. The incremental pressure build-up
was accomplished as follows"

S~Pump sam-ple for 30 minrtes "

• l Pressurize with fluorine at I psia for 5 minutes -- pump down

SPressurize with fltcrin= .t 2 psit for 5 minutes pump down4Pressurize with fluorine at 4 psia for 5 minutes - pump down

Pressurize with fluorine at 8 psia for 5 minutes - pump down
S~Pressurize with fluorine at I atmosphere for 60 minutes -

pump down for X minutes

The results shown in Figure t0, Curve l, indicate that the
procedure results on rempete passivation. Curre 3 shows i a pressure
change amounting to he initial first paesivation alter one hour. The
tsomewhat greater senaitivity to moisture shown here perhaps reflects a

eslightly thicker fluoride film.

(3) Fluorine Passivation at Low Atemperature

The data are plotted in Figure 21. The sample p~ssivated
at liquid nitrogen temperer-are (-.,953C) in fluorine at 0. 1 atmosphere for
four hours continued to take up a smPsl amotsnt of fluc ine as indicated by
Curve Z.' it is not conclusive that ihe uimilato the extent indicated
took place at the low temperature. Adsofpaiun of fluorine go expectetl to
take place at liquid nitrogen temperature. The adsorb(d fluorine may not

(1thaebelp avoidprunawa rreatov aued by burpn ning of thrganie contarm-up

the adsorbed fluorine could have reacted with the metal presrface. Cbulve
o sr the moisturemexposed sample generally falls in hne with the two

Priu esriment fp

Prssrzewihfloin a pi fr ints pm5dw
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(4) Passivation in Fluorine at High Pressure ..

Data for the samples passivated at 60 atmosphere# (900 psi) i
in fluorine for one hour at 250C (77OF) are presented in Figure 22.|

' GCurve 2 shows complete passivation and Curve 3 shows a relatively large
pressure change for the humidity exposed sample. The pressure change
amounts to 7 5% of that fo r a f re sh sample af te r one hou r exposoure. Thi s ..
observation is in line with the belief that a thicker fil.-m would be formed :
at the high pressure. If the cube root dependence between pressure and
apparent fluoride film thickness, assestablished for nickel, holds for stain-
loes steel 316, a film approximately/tour times thicker should be formed at
60 atmospheres than at one atmosphere.

(5) Passivation by Chlorine Pentafluoride (CIF5)

Figure 23 gives data for samplee passivated in CIFS vapor
at one atmosphere for one hour at 270C (800F). Curve 2 reveals that a
sample so passivated takes up a small amount of fluorine but in a very
peculiar manner. There is almost a linear decrease of pressure with
time rather than the usual curve convex to the abscissa. Curve 3 is
similar to Curve 2, indicating relatively little sensitivity of the passive
film to moisture. It is unfortunate that technical difficulties prevented
carrying these curves to longer intervals of time.

(6) Passivation by CIF5 at Higher Temperature

In this set of experiments the CIF5 passivation was carried
out at 710C (1600F). As the plots in Figure 24 sho1w, the character of the
passive film is completely changed. Complete passivation to Indicated by
Curve 2 while great sensitivity to moisture to revealed by Curve 3. The
uptake of fluorine exceeds that for a fresh sample (Curve 1) by 50%. R

(7) Passivation by Chlorine Trifluoride

The sample paseivated in chlorine trifluorido vapor at one-
atmosphere for one hour at Z70C (BOOT), appeared to be completely pas-,.
sivatod as evidenced by the horizontal Curve 2 of Figure 25. The sample .
exposed to water vapor took up over 85% an much fluorine as a fresh"*
sample indicating considerable sensitivity to water vapor. The paseivation
in chlorine trifluorids was in each case followed Lby pumping while the

S~sample was heated to 710C (1600F); therefore, retention of adsorbed
• chlorine trifluoride an the sample should not be exoeS~ivo.

(8) Passivation in Bromine Pentafluoride

Paesivation in bromine, pentaftuoride vapor was investigated.
The data are presented in Figure Z6, The rather unexpected observation
was that the samples took up very large quantitiea of fuorine, both before
and after exposure to humidity. Approximately three times as much
fluorine is, consumed as for the unpasusivated sample. There is a strong
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implication that by reaction with metal, or by dissociation, a relatively
large amount of bromine trifluoride is left in the sample which subse-
quently rc-ct. with fluorine. Bromine trifluoridp. if pr4,ssi.t, would not
be readily removed by pumping at 71 0 C (160 0 F) - the temperature employed
he re.

c. Studies With Monel

The results described in the following paragraphs were obtained
with Plasmadyne Monel Z06F. Previous results have shown that a fluoride
film thickness of 13.4 1 is formed in one hour in fluorine at one atmosphere
at Z70C (80 0 F).

(1) Fluorine Passivation at One Atmosphere

The curves are given in Figure Z7. Curve I is the pressure
change as a function of time for a fresh sample. After passivation in fluo-
rine for one hour at one atmosphere, Curve 2 is obtained. There is z grad-
ual, almost linear decrease in pressure with time but this seems to be
normal for Monel. All previous work with Mone] reveals that it continues
to react with fluorine aLnost indefinitely so far as known. Unlike stainless
steels and nickel, the pressure changes continuously with tin •. A fairly
large moisture sensitivity is indicated by Curve 3.

(Z) Fluorine Passivation With incremental Build-Up
of Pressure

The data are given in Figure Z8 and are essentially identical

to the results given in Paragraph (1) above.

(3) Fluorine Passivation at Low Pressure

Passivation was carried out in fluorine at 0. 1 atmosphere
for one hour at Z7 0 C (80 0 F). This was the first time a low pressure pas-
sivation w~s attempted near room temperature. In view of the apparent
complete paseivation obtained (see Curve Z. Figure Z9) and the lower
sensitivity to moisture revealed by Curve 3, this passivation technique
deserves further consideration.

(4) Passivation in CIF 5 Vapor

Passivation in CIF 5 vapor at one atmosphere for one hour
at 270C (80 0 F) yielded results shown in Figure 30. The results were very
similar to those obtained by fluorine passivation under similar conditions.

(5) Passlvation in Chlorine Trifluoride Vapor

The data are given in Figure 31. Somewhat lower moisture
sensitivity was observed than for Compound A and fluorine under similar
conditions of passivation.
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d Studies With 2024 Aluminum

The following results are reported for 2024 aluminum powder.
Twenty gram samples were used. Previous results indicate that a fluoride "
film thickness of 8.4 1 is formed in one hour exposure to fluorine at one
atmosphere pressure at 270C (800F).

The experimental data are plotted ir. Figure 32. Curve 1 is the
normal change in system pressure due to reaction of fluorine with a fresh,anpassivated 20 gram sample. The upper turve is obtained after prior pas-sivation in fluorine gas at one atr-sphere pressure for onr hour at 270C

(800 F). The sample, fo'llowing this passivation treatmient, takas up essen-
tially no additional fluorine gas except a very small arnount which might be
attributed to an adsorption effect. After passivation, followed by exposure
to 50% relative humidity in air, the same curve was obtained. Curve 2 and
3 are superimposable. On the basis of these observations, exposure st the
aluminum alloy to moisture does not affect it insofar as any subsequent
reaction with fluorine is concerned.

The same results were observed for 2024 aluminum samples which
were passivated in chlorine pentafluoride and chlorine trifluoride vapor at
one atmosphere for one hpur at 270C (80oF). The data are not plotted
because the curves are identical to those given in Figure 32.

e. Studies With Nickel 200

The results in tWi4 section are reported for 80 gram samples of
nickel 200 powder. A fludride film thickness of approximately 22 1 should
be formed by exposure to fluorine gas for one hour at ane atmosphere and
270C (80oF).

The data presented in Figures 33. 34, 35. and 36 cover passiva-
tions in chlorine trifluoride, fluorine (0. 1 and one atmosphere pressure)
and chlorine pentafluoride. In all passivations a moderate sensitivity to
moisture is evident. Arproximately 10 to 20 per cent as much fluorine
reacts as in the initial passivation.

f Stadies With Copper

Data were obtained for 60 gram samples of copper powder. Copper
exposed to fluorine gas for one hour at one atmosphere pressure and at
_ZT° (800 F) has an estimatod equivalent fluoride film thickness of 13. 1 1
althugh the method of calculation is open to question inasmuch as the exatI
"reaction is mot known.

Figure 37 covers data for passivatios in fluorine at ZT°C (80F).
Curve 3 shows that the fluoride film is very sensitive to moisture. A
sample which was passivated in fluc -ins then exposed to 50% relative
humidity in air took up additional fl,.,rine ad shown in Curve 3. An initial
rapid reaction it followed by an exteLded linear portion.

73



790 -

780

/IN °
'~770-

0

46•

S 760 ,,

740

S7S0 ...

0 30 60 90 1_0

Time of Exposure (rain) *AAI

"•,o Prior Passivation

--.- •mm tPassivated in Fluorine - I hr - I atm zr/C w8oFn
A •Same as I except exposed to SOS R. H. in air at

S•U"S°C for 48 hours

S~Figlure 3Z. Exposure of 2024 Al Powder (2011) to

Fluorine at zr°c (0OoF)

7404



.44

770 -

"750

o0
$44

I Sa
4 740

730

0 30 60 90

Time of Exposure (min)
No Prior Passivation

A Passiva.ed in Chlorine Trifluoride - I hr
I atm - ZT7C(80 0 F)

"t Same as 4h'"except exposed to 50% P.. M in
air at Z50 C (77 0 F) for 48 hours

Figure 33. Exposure of Nickel ZOO Powder
(SOS) to Fluorine at Z7 0 C (80°F)

75



74-

-~

-*•.*

Time of Exposure (min)

SNo Prior Passivation

SPassivated with Fluorine - 0. 1 abm - I hr -
ZT0 C (30 0 F)

A Same aJ\except exposed to 50% R. IL In
air at ZS°C(77 0 F) for 48 hours

Figure 34. Exposure of Nickel ZOO Powder(80g)
to Fluorine at Z70 C(80°)

76



IT* 4ý

-~ ____ -__

760

o 750

740

73

9 30
Timne of E~pooure (min)

No Prior Passivotio

A&PaesiVated I. IQi it Ih t
Z70C (SOeF)
same a&*zC~pt exposed to SO% IL H.
in air at 250 C (7"o) for 48 hours

Figure 35. Exposmur of Nickel ZOO P r ($•1g)
to nuorine at Z76C (soor)

77



.4,

770

64

75

t 4

Tieof Exposure (min) -

t\No Prior Paosivation

Afa ssiwated in Comfp. "A"' Vapor -I hr
Ia - Z 0 c.($06F)

&Safne as& except exposed to 50% R~. H. in air
at ZS 0C(7f0FI for 48 hours

Figure 36. Exposure of Nickel ZOO Powder (SOX)g
to Fluorine at z70c(800 F

76



A

04

7 0 .

I

oo

7 0

-720

I..

iA

0 30 60 90

Time of Exposure (nrAim)

No Prior Passivation - :

'• Passivated in Fluorine - I hr atI -Mm

Z70C (80 0 F)

SSame as A ezept exposed to 50% .L H.
in air at ZS°C (7TOF) fo: 48 hours

Figure 37. Exposu-* of Copper (60g) to Fluorine
at ZIrC {80°F)

79



Thm narne general trend is noted with the copper sample passivated
in fluorine at 0. I atmosphere pressure, as shown by the plots in Figure 38,
although t.he extended linear portion of the curve has a different slope than
shown in the preceding Figure 37. Of all the materials tested, copper
show'I the greatest corrosive after exposure of the fluoride film to moisture.

g. Gone ral ,Comments

The secondary corrosion of materials which have been passivated,
exposed to moisture, then exposed to fluorine again is seen to vary greatly.
For 2024 aluminum there is no detectable secondary corrosion. Copper
suffers almost a catastrophic secondary corrosion. Nickel 200, 316 stain-
loes steel and Monel 400 are interinediate and fall approximately in the
order given for dacreaaing resistance to secondary corrosion.

The rates of secondary corrosion generally do not appear to be the
same as the initial rates of fluoride film formation, the former generally
having a lower rate. This implies that a completely different mechanism
is operative.

6. ELECTROCHEMICAL STUDIES

Several electrode polarization experiments have been conducted using
the apparatus shown in Figure 4. The n7Lst noteworthy ob -ervation has
been the marked difference between the anodic current for a freeL nickel
electrode and one which has been passivated in fluorine gas for 14 hours.
A freshly prepared nickel 200 working electrode was rinsed in concentrated
hydrochloric acid, then in di-3tilled water, and dried. It was polarized in
bromine trifluoride at +3. 00 volts with respect to the platinum reference
eloctrode. The anodic current between the nickel working electrode and
the platinum counter electrode was measured as a function of time of
immersion of the electrodes, The anodic current was observed to fall,
rapidly at first and then more slowly, from an initial value in excess of
3 ma/cmZ to reach a limiting current density of about 0. 3 ina/cm2 in
approximately one hour. The data are plotted in Figure 39, Curve .

The same nickel electrode was rewashed in acid and water, dried and
again returned to the cell, and the polarization repeated. The second set
of data gave Curve UI, in general agreement with the first curve except that
final current density was somewhat smaller.

The working electrode was again subjected to the same preparatory
proceduie as before, returned to the coll, and exposed to fluorine gas at
one atmosphere at room temperature for 24 hours. Upon repeating the
current density-time experiment, the maximum current density was only
slightly over 0.03 ma/cm-, and ill fell rapidly in only six to eight minutes
to reach a limiting c,,irrent density of about 0. 007 ma/cmZ. Therefore,S~the fluorine-passivated electrode yielded an at, lic current of only a few

per cent of that of an unpassivated electrode under the same polarizing
voltage. The data are shown In Curve MI.
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To test the effect of subsequent treatment on a passive surface, the
working electrode was removed from the c3l1, rinsed copiously with dis-
tilled water, vacuum dried, and returned to the cell. The current density-
time data following this treatment are shown on Curve IV. Although the
magnitude of the current density is different from Curves I and II, the
shape of the curves are similar.

The same electrode was then given an HCl rinse, followed by a water
rinse, in the expectation that the electrode would return to a condition near
that revealed by Curves I or II. However, the observed current density-
time curve is shown at Curve V. Unfortunately due to time limitations, the
limiting current density was not reached.

It is evident from the data that the initial as well as the approximately
limiting current densities vary considerably-depending on the surface treat-
ment and history of the electrode. The results with the fluorine treated
nickel electrode seem to be unique, however, in that the decrease in current
density is very fast.

A similar procedure was applied to 316 stainless steel and Monel.
Test electrodes (10 x 10 mn) were etched in hydrochloric acid, rinsed and
dried. They were polarized in bromine trifluoride at +3. 00 volts with
respect to a platinum reference electrode, with a platinum counter elec-
trode of a size identical to the test electrode spaced 5 nun away. The
anodic current was measured as a function of time. The experiment was
repeated with a chemically passivated test electrode.

Figure 40 shows the data for stainless steel 316 electrodes. The upper
curve is for an unpassivated electrode, and the lower curve was obtained
for an electrode passivated for 18 hours in chlorine trifluoride vapor at one
atmosphere pressure and room temperature.

Figure 41 gives data obtained for Monel electrodes under similar cir-.
cumstances, except that one Monel electrode was passivated in fluorine for
18 hours at one atmosphere total pressure at room temperature. The
curves are very similar. The passivated electrode actually yielded a
slightly greater current density.

In addition to the experiment in whicb the anodic current was measured
*• as a function of time at a constant polarising voltage, polarization curves

were run on the working electrodes. Tests with nickel were on electrodes
in conditions indicated at points marked A aid B in Figure 39. The polari-
zation curves are given in Figure 42. Curve A was obtained on the unpas -
sivated nickel electrode following the two hcurs of constant polarization
along Curve II of Figure 39. while Curve B was obtained following one hour
of polarization along Curve MI of Figure 39. Anodic polarization experi-
ments were conducted on 316 stainless steeX and Monel 400 in BrF3 at
25oC. The data are plotted in Figures 43. 44. an" 45. These experiments
revealed electrochemical reactions occurring on the electrode materials.
The polarization test subjects a metal electrode to a constant potential,
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S thea e CurXent is masumred after one or two minmtes. Potential steps of
0.20 vltts are takm over the voltage rngse of interest. The a nt
Curro density at each voltage. I. is calculated on the basis of the total
electrode area. The anodic polarization curve of unpassivated 316 stain-
less steel reveals that two anodic reactions take place. They are repre-
sented by Tafel slopes. bI = 0. 90. -and b2 = 0. 70 (see Figure 46). Thismeans the tt current density ID i equal to the sum of the anodic cur-

:3 rents of two reactions.

S= 'I + iZ

When 316 stainless steel is passivated by C1F 3 - the anodic polarization
curve is altered. The Tafel slope, bz = 0. 70, is no longer observed. See
the lower curve of Figure 43.

The passivation treatnent has produced a more corrosion-resistant
metal surface on which a diferent anodic reaction occurs. The Tafel slope
for this polarization curve is not well defined. However, the current den-
sities taken at 3.0 volts Irom the polarization curves for Unpassivated- and
passi-ated 31£ stainless steel agree with the liniting current densities
reached with time according to Figure 40.

The Tafel slope, b 2 , for unpassivated nickel 200 is the same as. b 2 ,
for unpassivated 316 stainless steel. The polarization cu of F 2 -
passivated nickel behaves ifimilarly to C1F 3 -passivated 36 st'inless steel
The Tafel slope, b 2 , for unpassivated and F 2 -passivated Monel 400 were
the sp-me and equal to 0. 6 volt (Figures 44 and 45). Therefore, one does
not expect a g:eat difference in corrosion behavior between the untreated
and surface-treated Monel 400 electrodes. The limiting current densities
reached with time at 3.00 volts for the Monel 400 electrodes in BrF3 were
not too far apart (Figure 41). The polarization curves of both unpassivated
and passivatee Monel 400 suggest at least three anod&c reactions - one
below i = 10-3 ma/cm2 , another between i = 10-2 to i0-1 ma/ýcr and the third
above i = 10-1 ma/cmr2 (see Figures 44 and 45). Two or mnore anodic
reactions occurred on the metal electrodes investigated in BrF3 in both
unpassivated and passivated conditions. These electrode reactions hae ve
not been diagnosed, and interpretation of experimental data has b&' be based
on simple reactions. It is possible that various slopes are related to the
appearance or reaction of some other bromine fluoride v-pecies with elec-
trode surfaces.

a. Electrode Flexing Experiments

It has L.en demonstrated above that there is a comparatively large
difference in anodic current density between polarized nickel 200 electrodes
before and after passivation in fluorine gas for Z4 hours. For example.
the current density when polarized In BrF3 at +3. 0 volts was approximately
30 to 50 times greater before passivation in fluorine.
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It was thought that use might be made of this observation in testing
the stability of fluorine film* on metal surfaces witl respect to cracking
and flaking away from the base metal. Accordingly, a nickel 200 foil strip
5 x 80 nun in sise was formed into u tightly convn'-'ýjd electrode as de-
picted in Figure S (Section 3). The electrode was pa~ssvated for 24 hours
in fluorine, thin the cell wr.s filled with BrF3 electrolyte. The electrode
was polaresed at +3. 00 volts with respect to a platinum countc r electrode
as shown in the figure. Atfter about one hour when the current density had
stabilized at a low value, conforming to the lower curve of Figure 39, the
electrode was extended, thus partially stra&ightening out the loops of the
convolutions. There was no evidence of any momentary or permanent
increase in current density which would have been indicative of rupture or
craeking of the passivation film. While the negative results is not conclu-
sive, it implies that thore was little disruption of the film, or that the in-
volved area of the electrode was much too small for detection. It may be
noted from Figure 39 that the initial current density of an unpassivated
electrode can approach a value 200 to 300 times that of the current density
at the time fhe electrode was flexed. The test was repeated with Monel
400 and copper electrodes with the sa~me negative resu.lts
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7. ELECTRON DIFFRACTION ANALYSIS

Electron diffraction studies were carried out to characterize the fluoride
filins formed on metal surfaces by exposing the samples to fluorine gas or
interhalogen compound only, or to fluorine gas followed by humid air. For
each sample, 20 to 30 areas (approximately 7000 sq. micron) were selected
for reflection diffraction analysis. The typical patterns observed are
described below. it should be noted that a limited number of diffraction
patternz were Aomputed and slight variations in the :elative amounts of comn-
ponents were observed because of surface heterogeneity.

a. Ex,?csure to Fluorine

Metal samples were exposed to the following treatments:

1. Samples A: Samples exposed to fluorine gas at one atmosphere
for one hour at 80 0 F, stored in vacuum before analysis
(Copper Sample ACu, alurmnum alloy 2024 Sample AAl,
nickel 200 Sample ANi, Monel 400 Sample AM, Stainless
Steel Type 316 Sample Ass).

2. Samples B: Samples A exposed to air at 80°F, 50% relative
humidity for two days (BCu, BAI, BNi, BM, and BSS).

3. Samples C: Samples B re-expsed to fluorine gas at one
atmosphere fo one hour at 80 F (CCu, CAl- CNi, CM and
CSS).

4. Samples D: Samples exposed to fluorine gas at one atmos-
pheoe for one hour at 200°F and stored at vacuum. (DCu,
DN)' N)

(1) Copper Samples

When a copper sample was exposed to fluorine and never
exposed to air (Sample AC4), a rather thin crystallized fluoride coating was
found, as inferred froin the fact that diffraction patterns of the copper sub-
strate predominated and overshadowed the fluoride patterns. The promi-
nence of the copper patterns increase during electron beam irradiation
indicating that a non-crystalline fraction of the fluoride film was gradually
dlecomposed or evaporated during the beam treatr•ent. Diffracti:n of copper
oxides, hydroxides, and the following fluorides was observed: Cu(OH)F
CuF 2 , CuF 2 • ZH20 and occasionally CuF2 (see Table XI and Figure 47).
Insignificant changes were noted after exposure to dry air for 15 minutes.
After two dcys exposure to air of 50% relative humidity (Sample BCu),
fiuoride patterns became less prominent and two additional diffraction rings
were noted, indicating small crystals (less than 100 1 diameter) of Cu 2 0 and
CuO (see Table XII and Figure 48), In certain samples exposed to moisture,
thicker and non-uniform chemical films were noted as inferred by less prom-
inent copper lines.

93

1:7 -j-



in co M

z

cc N*N00 -%

Z:

~fl n 1  N N N N - -OD

4ff]N NN N N N N.

N

'~~~i r-i ~ &

0

00-

u "40

I ~~~f L 0'Nntl ~

M N NN NN M M-en

94

-- 7 7 T 7.



Figure 47. Reflection Diffraction Pattern of Sample ACtv
Note specimen shadow at the lower part of the
Figure. Distinct rings originate from copper A

substrate. Spot pattern (marked by commas)
inside the smallest circle show d-spaclngs
characteristic of CuFz .2ZH 0..
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Figure 48. Reflection Diffraction From the Surfac. of Sample
B Note loes prominent copper rings. Hydro-

* lytic oxdation products of the copper fluorides are
identified mainly as two new CuO and CuO rings,

* pointed out by arrows, and disappearance of the
Cu(OH)F -CUF 2 pattern.
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When the exposure to fluorine was carried out at higher temp-
eratures (20007F, Sample D), the fluoride diffraction patterns consisted of
spotty rings indicating a uniformly distributed copious amount of small crys-
tals (see Figure 49). The major fraction of fluoride was identified as
CU(OH)F - CurF2 . Some CuF 2andi also Cu(CIH) 2 were found in certain areas
(Table XXI).2

When the sample exposed to fluorine and moist air was re-
expzsGed to fluorine (Sample CCU). a thicker fluoride coating was formed, as
inferred by disappearance of the copper substrate diffraction patterns and
appeazance of CuF2 2ZH0 and Cu(OH)F - CuF 2 patterns with higher inten- (
sity (Figure 50 and Table XIV).

It was also found that sheet samples and powder samples
exposed to fluorine and m,3ist air exhibited diffraction patterns of similar
composition. The copper sheet samples studied in detail showed that the
formation of a passive film by fluorination of surface oxide and hydroxide
ctoatings had uot been completed in the period of exposure to fluorine. This
is in agreement with the observations, in which it was noted that fluorine
uptake by copper was not complete after one hour at room temperature and
one atmosphere pressure of GF Z'

The increase in CuZO and CuO after exposure to humid air is
in accord with the data from fluorine uptake experiments. It is interesting
that the Cu(OH)F* pattern decreases as much or more than the CuFZ - ZIIO.

(2) Aluminum Alloy, Nickel, Monel and Stainless Steel Samples

The ele~ctron diffraction patterns for aluminum alloy (Sample
AAI) exposed to fluorine gas and stored in vacuum are given in Table XV.

Aluminum metal, AIF3 , AI(Oll, F)3 and MIF3 -3H 2 0 were
identified. Additional aluminum oxide (AlZ0 3 ) lines were found in Sample
(BA0,)which was exposed to 50% humid air. Re-exposure of this sample to
fluorine (Sample CAI) did not significantly change the diffraction patterns
except the AlZO3 patterns were not observed. Instead additional A 1(011, F)3

6H20O wasa found.I

Nickel ZOO samples exposed to fluorine gas and stored in
vacuum (Sample AN!) exhibited Ni metal, NiO, and NiF2.- 4HZO patterns
(see Table XVI). rhe fluoride films are not struct~urally 1komogeneous, and
exhibit variations in crystal habit and composition. Figure 51 illustrate$
variations of diffraction patterns in different areas re'sulting from these
inhomogeneities. Samples exposed to fluorine at 200 F (Sample D~i) exhi-
(sted Table additiona Exposkel hdoxithe fluoines trete sampl. atOHZ r1oo2(temp
bsted somle addiiona nicksuel othoie fluoines trete samp)e atOH2 room temp-
erature to humid air produced additional linets of Ni(OH)2 and NiO(OH). Re-
exposure of these samples to fluorine appeared to eliminate hydroxide lines.
The secondary reaction with additional fluorine following exposure of the
passive surface to humid air produces prominent single crystals which
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Figure 49. Reflection Diffraction From the Surface of Sample DCu,
Fluorinated at ZOOC. A prominent ring (marked by
arrows) appears close to the center. The computed

• d-spacing indicates Cu(OH)F. CuF2 ; the intensity of
the diffracted beam indicates copious amounts of the
crystalline fraction,
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TABLE XIII. COMPUTED DIFFRACTION PATTZRL OF SAMPLE Dr
AND REFERNCE LINES FOR THE COMPOUNDS u
IDENTIFIED (Principal Lines are Underlmied)

SSmcimn~ •ASTM Reference Patterns
I z 3 Cu c.u ZHz2 Cu(OWE- CuF" Cu(OH

4.50 4.75 4.70 4.76

4.20 4.17 4 .17 4.22

4.00

3.93

S3.6S 3.76 3.70 3.71 3.75

3.50 3. SO 3. 50 3.S4

Z.92 2.98

Z. 70 Z. 73 Z. 85 Z. 86

. 54 1.64 2.71 2.71 Z. 64

2.19 2.18 2.18 2. 18 2. z0 2.Z6

2.06 2.09 Z.OZ Z. 10 Z. 08

1.74 1.75 1.81 1.75 1.77 1.73
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. Figure 50. Reflection Diffroction of Sample CC,. Note the
disappearance of copper p-tterns eM the
prominence of Ispot pattern* of CuFZ .ZHZO

and Cu(OH)F .CuFZ.
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TABLE XV. COMPUTED DIFFRACTION PATTERN OF SAMPLE AAl
AND REFERENCE LINES FOR THE COMPOUNDS
IDENTIFIED (P'IINCIPAL LINES UNDERLINED!

••cirnen
3IS z Al AI(OH,F) 3 .6HzO ALF 3 .3HzO A1F 3

6.75 0.00
5.70 5.70

515 5.45
4.45

4.30 I
4.16 3.86 1

3.45 3. 5Z
3.24 3.33-

Z.98 3. n4

2.63 2.70 2.73
I 2.65

2.50 2.40 Z.47 z.46 2.51 Z. 51
Z. 44

Z.30 Z. .35 2.15 4 2..6 -Z6

2. Z2 Z. 1.5 .219
Z. 11 2.12

12.2f 2.05 . 02.2 2.01 Z. 03
.82 1.8 1.89 1.93

S1.85

1. 70 1.79 1. 7"? 74 1.78 1.76

1 1.55 1. 56 L.S6
1.48 .47 1.38 1.36z
1.40 1.26 1. 3 1.43 1.42 1.43 1. 46

1.30 1.30 11.2Z8 1.2Z6I. o1 1. o1.2 1. Z3 1. z3
1.17 1.16 1.16

1. 12i I. ! 1.1.

1, 1.120 1. 07-2
.X. 98 O.5 1s 0.99 1.01 -
0.84 0.86 0.90 1
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TA'LE XV1. COMPUTED DW-FRACTION PATTERNS OF SAMPLE• Awi
AND R"FER•NCE LINES FOR THE COMPOUNDS
IDENT1•IED (t&'NCrPAL LINES UNLERSCORFD)

1F 2 3~ 4 O NiFZ. 41f{zu N~F 4 Ni

S~5.0

4.C 4.8 ,4.85

4.0 V3 .97 3.97 4.0 4.0

•:fi>•3,19 3.18

3.07 3.0 2.98
2.76 2.71 2.70 2.66
Z. - z. Z 5 2,7 .6 .. 56

Z.43 Z.45 2.52 Z,47 2.41
2.33 2.35 Z. 35 2.31

2,.23 2.18 2 2.22 2.23
2.03 2,06 2.0 2.i0 2.09 2.00 2.03
1.90 1.92 1.94 1.86 1.91 1.88

1.83 1.81i
1.75 1.65 1.75 1.67 1.67 1.67 1.72 1.76

1.61 1.60 1.57 1.60 1.59 T3
1.55 1.52 1.57 1.48 1.49 1.52

1.61.46 1.43 1.44 1.44
1.37 1.36 1.33 1.31 1.31 1.39
11.21 .25 1.26 1:Z6 1.26 1,Z5
1. lo1.18 1.17 1.17 1.19
I1, 14 1.13 1.14
1.09 1.10 1.11 1.09 1.12 1.12 1.1 I i.06
,1.04 1.01 1.02 1.02 jTL-17

09.95 0.98 0.97 0.960. 93 0. 88
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frequently grow away from the surface (see Figure 52).

NiF 2 , CuF2, CuOHF, CuOHF • CuF2, and Cu(OH) 2 were
identified on the Monel samples (AM) after fluorine exposure (see Table
XVHI). Figure 53 illustrates the diffraction patterns of a sample treated
with fluorine gas without exposure to air. Samples exposed to humid air
exhibited additional lines of Ni(OH)2 and eliminated CuOHF - CuF2 lines.
Re -exposure of these air exposed samples to fluorine showed no di(OH)2 nor
Cu(OH) 2 lines but NiF 2 • 4H2 0 and Cu(OH)F ° CuF2 lines were observed.
Mcnel samples exposed to fluorine at 2000 F indicated NiF 2 , Cu(OH)F. CuF 2 ,
NiF 2 - 4H 2 0, Cu(OH) 2 and CuF2 " 2H 20 (see Table XIX).

Samples of stainless steel Type 316 exhibited FeF 3 , Fe 3 F5
3H 20, CrF 3 , CrF 3 * 3H 2 0, Ni, NiF2" 4H20, Ni(OH)2 and NiO(OH) lines

(see Table XX). Fe 3 F5 • 7HZO replaced the 3H 2 0 fluoride in the sample
exposed to humid air after fluorination.

b. Exposure to Chlorine Pentafluoride and Chlorine Trifluoride

Copper samples (Cui) were exposed to CIF5 for one hour at 80 0 F
at one atmosphere, pumped down at 160 F under vacuum for 30 minutes,
sealed off under vacuum and analyzed by reflection diffraction method
without exposure to air. The diffraction patterns (Table XXI) indicated the
presence of CuF 2 • 2H 2 0, CuCl and CuCl 2 * 2H 2 0 on the treated surface.

When the CIF 5 treated sample was exposed to air, 50% relative
humidity for 48 hours, reflection electron diffraction analysis, sLowed
Cu(OH)F 2 * CuFZ, CuF2 2H 2 0, Cu 2 (OH) 3 C1 (two crystallographic varieties),
CuC12 • 2H 20 and CuCl. The incorporation of OH groups into the crystal
lattice is noticeable.

Copper samrles (Cuii) also were exposed to r-lF3 gas at-80°F for
one hour at one atmosphere, pumped down at 160 IF under vacuuln for 30
minutes, aealed off under vacuum, and analyzed by reflection diffraction
method without exposure to air. CuF 2 • 2H20 patterns were identified
(Table XXII and Figure 54).

When Sample Cuii was exposed to air of 50%9 re)htive humidity for
48 hours at 80 0 F, formation of blue crystals was noted on the surface
(Figure 55). The diffraction pattern was identified as CuF2 - 2H2O by
selected area electron diffraction (see Table XXIII). These smaller CuF 2
2H20 crystals were randomly distributed over the entire surface. The
main fraction of the passivating film consisted of a brown material that was
identified as CuF2 by selected area electron diffraction (Figure 46). The
coating film was easily removed by slight mechanical attack, exposing a
bright copper surface underneath.

107
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Figure 52. Reflection Diffraction from the Surface of Samn..e CNi.
The reflection rings are larger in diameter than those
in Sample ANi. Note prominence of diffraction spots

- from a single crystal and also electron shadow indicat.
ing crystals growing away from the surface.
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TABLE XVIII. COMPUTED DIFFRACTION PATTERNS OF SAMPLE

A AND REFERENCE LINES OF COMPOUNDS
IIAiNTIFIED (PRINCIPAL LINES UNDERSCORED)

pecimen CF
- 4 Cu(OH)2 CuFz.ZH2 0 NiF2 CuOHF CuOHF.CuF

5,15 5.0 5.30 46
4.70 4.70 4.68 4.78 4.68

4.22

3.80 3.80 3.75 3.71
3.68 3.701 3•.6l0 3.54

3.35 3.15 3.31

3.20 3.25 3.10
3.0 2.98
2.94 2.72 2.86 2.71 Z.65 Z.71

2.58 2.58 Z.,58 2.51 Z.56 2.55 Z. 58

2.45 2.35 2.35 2.35 2.73 77.R 2.34

2B 25 2.15 2.18 2.14 2.10

2.10 2.06 2. 10 2.10
1.96 1.97 2.0 2.02 1.97 1.99

1.89 1.92 1.88 1.96 T"m 1.87

1.78 1.78 1.75 1.72 1.72

1.70 1.62 1.70 1.66 1.70 1.65 1.63 1.70

1.60 1.59 1.58 1.60 1.59 1.63

1.48 1. 1.49 1.48 1.52 1.51 1.55

1.41 1.46 1.51

1.35 1.34 1.40 1.39 1.39 1.43 1.43
1.25 1.2,2 1.22 1.30 1.26 1.26

1.07 1.10 1.07
1.04 1.06 1.04 1.12

0.98 1.0
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Figure 53. Reflection Diffraction from the Surface of Monel Sample AM.
Note ring patte ins as an indication of random distribution of
small crystallites in (A) and sing)e crystal diffraction pattern
originating from a larger crystal (B). The diffraction spots
close to the central beam indicate hydrated compounds with
long d-spacings.
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-I *

Figure $4. Reflection Diffraction frorn the Surface of Sample Cui. *
Note superposition of twu distirctly different cliffraction
patterns of miaterials of 4ubmicroscopic crystallite sine.
The difference in particle size in the two fractions is
apparent. Cur., ZHZ 0) and CuC lZ ZH 2O werv identified.
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crystals on th' urface of sample Cui after exposure

to air, 50% re) ive humidity for 2 days. Magnifica-
Lion lOOX.
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TABLE XXII.I. COMPUTED DIFFRACTION PATTERNS OF SAMPLE Cu..9
EXPOSED TO AIR AND REFERENCE LINES FOR COM? 6 UNDS

f IDENTIFIED (Principal Lines are Underlined)

Green-Blue Crystals CuF 2H 0 Brown Surface Coating Cur,

Sample

4.65 .4.78 1 aple

4.20 3.25 3.22 3.22

3.7Z 3.71
3.05 2.98 2.82 2.82

2.70 2.71 2.66 2.66

2.40 2.35 2.53
2.39 2.39

2.24 2.18

2.21

2.0 2.02

1.91 2.04 2.04

1.8 1.85

1.82 1.82

1.7

1.77

I . 8 1.60

1.58 1.63 1. 69 1.69

1.48

1.51 1.51

1.42 1.40

1.24 1.24 1.20 1.20

1.20

1. s 1. 09j0.72

11-
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Figure 56. Selected Area Electron Diffraction from Isolated Particles
Shown in Figv e 55. A. indicates CuF2 2H 0 single crys-
tals, and B high degree of crystallinity in the brown matrix
film consisting of 100 to 200 particles of CuF 2 .
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SECTION V

* SUMMARY AND CONCLUSIONS

* ~The rates of reaction of gaseous fluorine with ten powdered alloys Ibave
been determined at 27 0 C (80 0 F) by a manometric method. Fluoride film
thickness as a function of time up to 4 hours was calculated for each of the
alloys, assuming that the reaction takes place between fluorine and the
normal oxide film on the metal surface. The fluorination reaction conforms
to a logarithmic rate law for all metals investigated, at least in the early
stages of the reaction. At longer times of reaction, the fluorination -time[
curves for aluminum alloys seem to be asymptotic. After reaching an
apparent film thickness of about 10 1, the film ceases to grow. Copper and
Monel tend to exceed a logarithmic rate at long exposure times and the film
continues to grow linearly at a slow rate of about 11 per hour.

The pressure dependence of reaction rate has been investigated for
Nickel 200 over the range of fluorine pressure from about 100 to 1100 torr.[
The reaction rate varies approximately as the cube root of fluorine pressure.

Fluoride film thicknesses formed on the metal powders range from about
6 to 30 1 for exposure times of one hour near one atmosphere and 270C (800F).
Analym'is of the rate date indicate that the mechanism of fluorine attack is
consistent with a quantum -mechanical tunneling effect acting as the rate
determining factor. The fluoride film is believed to grow at the expense of
the oxide film.

The reaction rates of chlorine trifluoride and chlorini pentafluoride
-vith alloy powders were studied by a gra"lmet±i'c -net,,.. A'4"vugh the data
&r~e quite scattered due to experimental difficulties, in general the rates of -
reaction and fluoride film thicknesses are comparable to those observed
with fluorine gas at the same temperature and pressure.j

The effect of hurrid atmosphere exposure on fluoride films was investi-
gated. Powder metal samples were passivated, then exposed to 50% relative
humidity in air at 250C (77 F) for 48 hours. After evacuation, the samples
were re-exposed to fluorine and the amount reacting determined manometri-
cally. The effect of moisture on the fluoride films was seen to vary greatly.
For 2024 aluminum, there was no detectable secondary fluorination. At the
other extreme, copper was observed to take up a very large amount, exceed-4
Ing that required for the initial passivatlon of the surface. Nickel 200,' 316
stainless steol, and Monel 400 are intermediate and fall in the order shown 2
for increasing secondary corrosion in fluorine. The rate of the secondary
attack of fluorine io generally much slower than the rate of initial fluorina-
tion, implying a different reaction mechanism.
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Electrode polarization studies carried out with Nickel 200 and 316
stainless steel -lectrodes show that there is a considerable c4fference in
anodic polarization curves before and after passivation. However,
polarization curves for Monel before and after fluorine passivation were
nearly identical.

Nickel 200, Monel 400, and copper electrodes which had been previously
passivated in gaseous fluorine were mechanically flexed while being anodic-
ally polarized in bromine trifluoride. There v-Ad no detectable increase in
anodic current which would have been indicative of a cracking or rupture of
the fluoride film.

Reflection electron diffraction analyses of fluorinated metal surfaces
have been carried out to identify the composition of various fluoride films
formed under different exposure conditions. The surfaces examined have
included metal coupons exposed to fluorine gas and vacuum sealed as well as
metal coupons passivated in fluorine and then exposed to humid air and also
re-exposed to fluorine. Metal coupons (particularly copper) exposed to flu-
orine and never exposed to air exhibited basic metal fluorides as well as
hydrated metal fluorides suggesting that the basic oxides, existing on metal
surfaces prior to fluorine exposure, enter into the fluorination reactions.
Exposure of passivated surfaces to humid sir in general produced additional
hydrated metal fluorides. These hydrates appeared to be the cause of sec-
ondary fluorination reaction which occurred when air exposure is followed
by re-exposure to fluorine. The fluoride films formed by exposure to
chlorine trifluoride and chlorine pentafluoride contained metal chloride
species, and were more susceptible to hydrated fluoride formation by expo-
sure to humid air.

K -Reflection electron diffraction analysis also showed that the fl1ar••c
films formed on powdered metals and on sheet stock of the same composition
were essentially identical. This lends greater weight to contention that the
data obtained on powdered metalI are comparable to data for bulk or sheet
metal specimens.

The following conclusions can be drawn from the observations discussed
in detail in Section 4 and summarized above.

1. Passive films formed on metals by exposure to fluorine are more
resistant to attack by humid air than films formed by the reaction
of halogen fluorides. Thus, fluorine is the most effective agent
for passivation of metals.

2. Adequate passive films are formed at all pressures in the range
100 torr to 1100 torr (0.12 to 1. 45 atmospheres). Passivation of
metal systems at low fluorine pressure is, therefore, economically
advantageous provided the system can withstand vacuum. Passi-
vation should be carried out at atmospheric pressure for unevacu-
able structures.
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3. The fluorination reaction to produce a passive fluoride film on metals
is generally sufficiently complete in 15 minutes at room tempera-
ture. Additional exposure does not improve the protective proper-
ties of the film. Passivation procedures should provide a minimum
of 15 minutes and maximum of 30 minutes of exposure to fluorine
for the most inaccessible portions of a system; inaccessibility being
dependent on geometry and diffusion rate of fluorine gas.

4. Copper which has been exposed to fluorine, then to moist air, and
then re-exposed to fluoriaie a second time, reacts at an increased
rate with the fluorine and in the exposure times investigated, this
rapid rate shows no sign of decreasing. Copper is not desirable in
fluorine systems. When it is used, it must be treated to remove
the fluoride film and repassivated whenever the fluorinated surface
is exposed to moisture.

5. Passive films on stainless steel and nickel, after expnsure to humid
afit, were found to react with fluorine in a typical passivation reac-
tion that was less extensive than the original passivation and which
reached completion in a shorter time. Stainless steel and nickel
surfaces should be repassivated after exposure to moisture. j

6. Passive films on aluminumi alloys after exposure to moisture, were
inert toward fluorine. Passive aluminum alloy surfaces need not be
repassivated after exposure to humid air.

7. Copper and Monel 400 continued to react with fluorine gas over an
extended period of time and the apparent film thickness continues to N
increase slowly. Although no specific investigation was z,'ade, there
is a possibility that these materials may eventually form thick
scales. Additional investigation of this point is needed.

8. A significant difference in anodic polarization behavior of passivated
and unpassivated nickel 200 and 316 stainless steel electrodes was
demonstrated. This phenomenon might be utilized as a criterion
for assessing the quality of passivated surfaces.

9. On the basis of a study of anodic current densities of convoluted
nickel 201), Mon•'l 400 an-i copper electrodes in BrF3 when flexed,
there is no evidence that fluoride films are readily peeled or flaked

Soff the metal during flexure. Repassivatlon is not necessary when
passive metals are subjected to mild physical deformations.

10. Metals in sieveral sizes of subdivision, from bulk solids to powders,
"finer than 300 mesh, were abruptly exposed to fluorine and inter-
halogen gases at pressures in excess of I atmosphere. No ignition
reactions were ever observed. This implies that spontaneous igni-
tion of metals of the compositions covered in this investigation is
unlikely unless triggered by impurities or impact energy. 100%
fluorine can be used for passivation of thoroughly cleaned metal
systems. Stepwise increase in concentration is unnecessar).

' , u121
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